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ABSTRACT 
The main aim of this project was to assess auxetic (negative Poisson's ratio) materials for 
potential in biomedical devices. Specifically, a detailed comparative indentation study has been 
undertaken on auxetic and conventional foams for hip protector devices; radially-gradient one-piece 
foams having auxetic character have been produced for the first time and shown to have potential 
in artificial intervertebral disc (IVD) implant devices; and auxetic honeycomb geometries have been 
assessed for the stem component in hip implant devices. 
For the hip protector application, combined compression and heat treatment of conventional 
polyurethane open-cell foam was used to produce monolithic auxetic foams. The foams were 
characterised structurally using optical microscopy, and mechanically using mechanical testing 
combined with videoextensometry. Static indentation using six different indenter shapes on each of 
the six faces of the foam specimens has been undertaken. The key conclusion here is that the 
enhanced indentation resistance for the converted foam is not a consequence of increased density 
accompanied by the usual significant increase in foam stiffness. The enhanced indentation 
resistance is consistent with the auxetic effect associated with the increased density, providing a 
localised densification mechanism under indentation (i.e. material flows under the indenter). At 
higher indentation displacement the Poisson’s ratios for both the unconverted and converted foams 
tend towards zero. In this case, the increase in foam stiffness for the converted foams at higher 
strain may also contribute to the indentation enhancement at high indentation displacement. 
New radially-gradient foams mimicking the core-sheath structure of the natural IVD have been 
produced through the development of a novel thermo-mechanical manufacturing route. Foam 
microstructural characterisation has been undertaken using optical and scanning electron 
microscopy, and also micro-CT scans performed by collaborators at the University of Manchester. 
Detailed x-y strain mapping using combined mechanical testing and videoextensometry enabled the 
local and global Young's modulus and Poisson's ratio responses of these new materials to be 
determined. In one example, global auxetic response is achieved in a foam having a positive 
Poisson's ratio core and auxetic sheath. It is suggested this may be a more realistic representation 
of the properties of natural IVD tissue.  
Analytical and Finite Element (FE) models have been developed to design honeycomb 
geometries for the stems in new total hip replacement implants. FE models of the devices implanted 
within bone have been developed and the auxetic stems shown to lead to reduced stress shielding 
effect.  
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1. Introduction 
1.1 Background and motivation for the study 
Identifying new materials or modifying current materials and their structures, are important 
factors in investigations developing biomedical devices with improved functions, or new biomaterials 
having enhanced materials properties or structure. In doing so, the new materials help to eliminate 
existing issues and problems associated with current biomedical devices and materials. This project 
has investigated the potential use of a recent class of advanced or smart materials, known as 
auxetic materials, in biomedical device applications. 
1.2 Biomedical devices 
A Medical Device is an instrument, apparatus, implement, machine, appliance or implant, used 
alone or in combination for diagnosis, prevention, monitoring, treatment or alleviation of disease, 
replacement or modification of the anatomy or of a physiological process (Goad & Goad, 2002). 
Examples of medical devices are hip implants, intervertebral disc replacements and hip protectors, 
which are considered in depth in this study.  
The design, development and manufacture of medical devices is a multidisciplinary activity 
requiring knowledge of human anatomy and physiology, device engineering, materials science, and 
the various engineering disciplines. Knowledge of other biology-related fields, such as immunology 
and neurology, and biomedical materials properties are also required, depending upon the specific 
application. 
1.3 Auxetic materials 
Auxetic materials have the very unusual property of becoming thicker when stretched and 
thinner when compressed. Materials displaying this kind of behaviour possess one or more 
negative Poisson’s ratios (NPR) and are different in comparison with conventional materials which 
become thinner when stretched (or thicker when compressed).  
Auxetic materials are interesting due to their unusual behaviour under deformation and 
enhanced mechanical properties such as shear modulus, plane strain fracture toughness and 
indentation resistance due to negative values of Poisson’s ratio (ν) which can be vary from -1 to 0.5 
(Lakes, 1987; Evans, 1990) for isotropic materials. 
To date, a variety of auxetic materials and structures from the macro scale down to the 
molecular level have been discovered. In 1982 large scale cellular structures with NPR in the form 
of 2D silicone rubber or aluminium honeycombs were realised for the first time. (Anon., n.d.). 
Polymeric NPR foam with a Poisson’s ratio of -0.7 was first developed by Lakes in 1987. (Lakes, 
1987). These new types of materials were named auxetics by Evans (Evans, 1991) which comes 
from the Greek word auxetos meaning “that may be increased”. Studying these non-conventional 
materials is important from a fundamental research perspective and also in view of possible 
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practical applications in medical and other sectors which will exploit the novel auxetic property 
and/or enhancements in other related properties. 
1.4 The aim and objectives of study 
The main aim of this project is to assess the potential for auxetic materials in biomedical 
devices having deployment capabilities or undergoing complex loading scenarios. 
The main aim was achieved by addressing the following objectives: 
 To scope potential biomedical device applications and select at least two specific applications 
for in depth study. 
 To understand the stress-strain relationships in the selected device applications 
 To perform comparative modelling studies to assess benefits or otherwise of auxetic materials 
over conventional materials in selected applications. 
 To develop auxetic materials and characterise for performance enhancements in existing 
applications as indicated by the modelling study.  
Based on the review of literature, it is proposed that auxetic mesh materials have the potential 
to lead to improved Total Hip Replacement (THR) devices through: 
 Insertion of a deployable low volume stem into a reduced diameter hollow cavity, leading to 
faster rehabilitation time and having the potential to extend device life by remedial expansion of 
the stem in response to device loosening. 
It is proposed that Auxetic materials have potential to lead to improved hip protector devices 
through: 
 Natural tendency to adopt doubly curved shapes (better fit/comfort). 
 Enhanced energy absorption characteristics leading to either lighter and/or thinner devices 
having equivalent energy absorption characteristics to those based on conventional materials, 
or devices having the same weight and/or thickness characteristics but improved energy 
absorption response. 
It is proposed that auxetic materials have potential to lead to improved intervertebral disc 
implant devices through the following attributes: 
 Minimising disc bulge to provide pain relief. 
 Improved wear characteristics through improved fracture toughness (abrasive wear) and 
hardness (adhesive wear). 
1.5 Structure of the thesis 
This thesis is organized as follows: 
Chapter 2 presents a review of background literature on medical devices, auxetic materials and 
foams, and biomedical application for auxetic materials. This chapter is divided into five sections: 
hip protector devices, total hip replacements, spine discs, computational investigations and 
experimental studies. 
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Chapter 3 describes the materials and methodologies employed for the experimental studies 
on auxetic foams towards application in hip protector and spinal disc devices. It explains the steps 
used to manufacture uniform and gradient auxetic foams and the compression, tensile and 
indentation test methods used in their characterisation. 
Chapter 4 presents the results of the compression, tensile and indentation test on converted, 
unconverted, and coaxial foams. 
Chapter 5 presents the computational study of total hip replacement devices with a description 
of the modelling of 3D hip prostheses having solid and honeycomb geometry stems, with the 
implant in a free-standing state and also in combination with the surrounding femur. 
Chapter 6 describes the design, fabrication, testing and results of various honeycomb 
geometries identified in the preceding chapter. 
Chapter 7 contains the results of the modelling study to assess the effect of having auxetic and 
non auxetic honeycomb stem geometries for the identified hip implant application.  
Chapter 8 contains the wider content and conclusions for this project and outlines how the 
present work can be developed in the future towards actual applications. 
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2. Literature Review 
 
 
 
 
Summary 
 
This chapter reviews the literature related to bone structure and material properties, hip 
replacement, hip protector, and intervertebral disc devices, as well as reviewing auxetic materials 
and their possible applications in biomedical device applications. In the second part, experimental 
studies using tensile testing machine and mechanical testing on polyethylene foam are reviewed. In 
the final part, relevant modelling studies including computer modelling investigations such as Finite 
Element Analyses (FEA) are considered. 
  
Chapter 2 
Literature review 
Hip Implant 
Hip protector devices 
Intervertebral disc 
Auxetic materials 
Finite element modelling 
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2.1 Introduction 
This chapter reviews the key literature associated with the present research project. The main 
areas of investigation are the structural anatomy of the hip joint and the function of hip protectors 
and intervertebral discs implants as examples of biomedical devices. 
Bones are reviewed in terms of their structure, morphology and mechanical properties. 
Experimental studies involving compression testing and indentation testing are reviewed along with 
the production of auxetic foams within a review of auxetic materials. Finally previous hip and 
intervertebral disc modelling studies utilising Finite Element analysis (FEA) are summarized,    
Figure 2-1.  
Research into biomaterials for organ implantation and replacement has expanded considerably 
over the last four decades. In recent years, significant progress has been made in organ 
transplantation, surgical reconstruction and the use of artificial prostheses to treat the loss or failure 
of an organ such as bone tissue. The implanted biomaterial into the bone should satisfy the 
following criteria: biocompatibility, osteoconductivity, high porosity and biomechanical compatibility 
(Pizzoferrato, et al., 2002). 
Relevant studies into the mechanical properties of biomaterials include an investigation of the 
anisotropic elastic response of cancellous bone in the proximal epiphysis of the human tibia 
(Williams & Lewis, 1982). From the reported results from stiffness measurements made in three 
orthogonal directions, negative values of Poisson’s ratio were calculated for cancellous bone.  
The mechanical characterization of skin tissue has been examined (Veronda & Westmann, 
1970). A strain energy or work function was employed to develop time independent stress-strain 
relations valid for large deformations. Results from uni-axial tests on cat skin were compared with 
the analytical stress-strain relations and negative Poisson’s ratio behaviour was confirmed. Other 
forms of skin have subsequently been found to possess the unusual negative Poisson’s ratio 
response, including cow teat skin (Lees, et al., 1991) and salamander skin (Frolich, et al., 1994). 
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  Hip replacement 
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 Videoextensometry to measure 
strains 
 
 Compression test with Instron, 
Indenter strain stress analysis. 
 
 
 
Computer modelling 
 
Finite element analysis (FEA) 
                           
                                 Figure 2-1 Structure of this chapter in schematic form. 
                            
In view of the evidence that natural biomaterials can possess negative Poisson’s ratios then it 
is suggested here that it might be appropriate to develop materials for replacement of, or 
implantation into, natural biomaterials that also possess negative values of Poisson’s ratio in order 
to achieve biomechanical compatibility. Negative Poisson’s ratio materials are known as auxetic 
materials (Evans, 1991) and so these are reviewed in section 2.8. 
2.2 Bone 
Bone is a hard, dense tissue that provides structural support for the body and protection for 
internal organs. Information on skeletal processes, microscopic structures, and mechanical 
adaptation and failure criteria of bone is widely available in the literature. However, an introduction 
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to general structural components and mechanical properties of bone is included here to provide 
some context to understanding the structure of the femur and intervertebry. 
2.2.1 Bone structure 
Bones vary considerably in size and shape depending on their respective function. Some 
principal types include the following: long bones such as the femur or tibia which provide stability 
against bending and bulking and are called cortical (or compact) bone; short bones such as 
vertebra or the head of the femur which can be filled with spongy material and are called trabecular 
or cancellous bone; flat bones of the cranium and irregular bones that do not fall into any of the 
other categories Figure 2-2. Despite the variety in bone shape, the morphology of bone at the 
organ, tissue and cellular levels is relatively consistent; see Figure 2-3 (Fratzl & Weinkamer, 2007).  
 
 
 
 
 
 
Figure 2-3 The spongy structure of trabecular bone found in the vertebra or the femoral 
head. The struts (or trabeculae) have a thickness in the order of a few hundred 
micrometres. (Fratzl & Weinkamer, 2007). 
Figure 2-2 Bone shapes: Long bones such as femur (left), short bones such as the vertebra 
(centre), and plate-like bones such as the skull (right). (Fratzl & Weinkamer, 2007). 
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2.2.1.1 Bone biomechanics and strength 
Figure 2-4 illustrates the structural components of a long bone. The ends correspond to the 
metaphyseal regions and are the regions which articulate with other bones. For this reason they are 
protected by articular cartilage. The area between the two ends of a long bone is called the 
diaphysis, and is a hollow tube like structure surrounding the medullary cavity (Pierce, et al., 2004). 
Bones need to be stiff to prevent bending and buckling and also be tough since they should not 
break catastrophically even when the load exceeds the normal range. How well these two 
conditions are fulfilled, becomes obvious in the (schematic) Ashby-map, Figure 2-5 (Ashby, et al., 
1995). Proteins (collagen in the case of bone and dentin) are tough but not very stiff. Mineral, on the 
contrary, is stiff but not very tough. It is clear from Figure 2-5 that bone and dentin combine the 
good properties of both. 
 
 
  
 
Figure 2-4 Illustration of bone architecture (Pierce, et al., 2004). 
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It is also noteworthy that trabeculae orient themselves in the direction of the forces applied to 
the bone (Townsend, et al., 1975; Fung, 1993; Mittra, et al., 2005). Distribution of cortical and 
cancellous bone varies between individual bones but approximately 80% of the skeletal mass in an 
adult human skeleton is cortical bone (Jee, 2001).  
 
 
 
 
 
 
 
 
 
 
 
 
 
2.2.1.2 Mechanical properties of bone 
Bone has a basic stress-strain relationship as do all structural materials, but because bone is a 
living organ its strength varies with age, sex, location, orientation of the load, and test condition 
(whether it is dry or wet). The cortical and cancellous elements differ in strength and elastic 
modulus. Cancellous bone has much lower strength than cortical bone (Fung, 1993). Figure 2-6 
shows a comparison between the ultimate stress of cancellous and cortical bone. This combination 
of stiff and soft materials makes bone a non-homogeneous and anisotropic material, meaning that 
its properties vary in different directions.  
Different techniques have been used in the measurement of bone properties; in early studies, 
traditional mechanical testing such as uniaxial tensile, compressive and three-point bending were 
applied, whereas in more recent times techniques such as ultrasound and nano-indentation are 
being used increasingly because they require less material and can measure directional effects. 
 
Figure 2-5 Typical values of stiffness (Young’s modulus) and toughness (fracture energy) 
for tissues mineralized with hydroxyapatite. The dotted lines represent the extreme cases 
of linear and inverse rules of mixture for both parameters (Ashby, et al., 1995). 
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2.3 Total hip replacement devices 
Total Hip Replacement (THR) is one of the most successful and most frequently performed 
operations to relieve hip pain resulting from hip disease, cartilage wear and osteoporosis (Savilahti, 
et al., 1997; Delaunay & Kapandji, 1996).  
A total hip replacement implant has three parts: the stem, which fits into the femur; the ball, 
which replaces the spherical head of the femur; and the cup, which replaces the worn out hip 
socket Figure 2-7. The stem portions of most hip implants are made of titanium or cobalt/chromium-
based alloys. They come in different shapes and some have porous surfaces to allow for bone in-
growth (Jinno, et al., 2004). 
Ideally the stem material should have mechanical properties that duplicate the structures they 
are intended to replace (Reccum, 2002; Ravaglioli & Krajewski, 2001; Long & Rack, 1998; Zhang, 
1998). However, current stem materials do not mimic perfectly the mechanical properties of bone. 
Metals such as steel, Co-Cr-Mo and Ti-6Al-4V have appropriate strength and fracture toughness 
but have relatively high stiffness, which can lead to weight/stress shielding problems.  
 
Figure 2-6 A Comparison between the ultimate stress of cortical and cancellous bone 
(Nigg & Herzog, 1999). 
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Ceramics such as alumina and hydroxyapatite are generally very hard materials, strong in 
compression but with low fracture resistance. Polymers such as polymethylmethacylate and 
polyethylene have low stiffness and reasonable fracture toughness but poor strength (Thielena, et 
al., 2009; Wang & Essner, 2001). 
A cemented total hip replacement, in which cement is used to hold the femoral and acetabular 
components in place, can suffer from cracks in the cement over time, causing the prosthetic stem to 
loosen and become unstable (Jeffers, et al., 2007). The microscopic debris particles are absorbed 
by cells around the joint and initiate inflammation and removal of fragments of bone around the 
implant (osteolysis). As the bone weakens, the instability increases (Wright & Goodman, 2001; 
Nikolaus, et al., 2007). 
Cementless implants attach directly to bone without the use of cement. In general, cementless 
designs are larger and longer than those used with cement. They have a porous surface to promote 
new bone growth (Sotereanos & Engh, 1995; Hearn, et al., 1995). 
The shaft component of a total hip device is typically much stiffer than the skeleton and so 
carries the greater part of the body weight load. This is known as stress shielding (see section 
2.3.2). Consequently, the upper part of the thighbone is unloaded; it contains less bone tissue, 
becomes weaker, and is more susceptible to fracture. The skeleton around the tip of the femoral 
component is overloaded and becomes thicker and stronger, often leading to considerable pain 
(Boyle & Yong, 2011; Kroger, et al., 1998). 
2.3.1 Hip implant systems 
Hip implants are used to replace the hip joint for the control of hip pain resulting from primary or 
secondary hip disease, including cartilage wear and bone spurs impinging on bone surfaces.  A 
variety of materials has been used to develop hip implants having improved stability and durability. 
Figure 2-7 (a) Femoral bone structure and (b) Typical hip implant (Yongtae & Kuiwoon, 2010). 
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However, all the materials used in a total hip replacement should meet common criteria such 
as: biocompatibility, resistance to corrosion, degradation and wear, and the highest standards of 
fabrication and quality control at a reasonable cost.  
Implant systems can be analysed according to the type of materials. Hard bearing surfaces 
have been researched with different combinations for total joint replacements. Reported clinical 
wear rates shows the highest wear rate to the lowest for metal-on-plastic, ceramic-on-plastic, metal-
on-metal and ceramic-on-ceramic respectively.  
Cemented implants allow faster rehabilitation in contrast to cementless implants. But cracks 
(fatigue fractures) in the cement that may occur over time can cause the prosthetic stem to loosen 
and become unstable. Also cement particles can be absorbed by cells around the bone-cement 
interfaces and may initiate an inflammatory response from the body, to remove the cement 
particles, and also may resorb different amounts of bone around the cement surfaces which can 
cause osteolysis.  
Cemented THR is more stable for older patients (over 60 years of age) who are less likely to 
place high stresses on the cement which can lead to fatigue fractures (Nelson, 2002). 
Callaghan et al. reported the overall success rate of 90% for the patients at 25 years of 
Charnley total hip arthroplasties performed with cement (Callaghan, et al., 2000). Among 62 hips 
fourteen revision surgeries had been performed, of which three of them were done because of 
loosening with infection and eleven of them were done due to aseptic loosening.  
Willert et al. measured the micro movements for a range of cement thicknesses, at the bone-
cement interface. It was found that the thickness of cement affects stress levels and micro 
movements. Increasing the cement thickness led to increased shear stress proximally and 
increased micro movement over the interface. High slippage results in the generation of cemented 
debris which leads to osteolysis (Willert, et al., 1990). 
Cementless fixation has also been studied to avoid implant loosening problems (El-warrak, et 
al., 2004). Cementless implants are coated or textured with different porous materials for bone 
ingrowth. Cementless implants require a longer healing time (6 to 12 weeks) than cemented 
replacements because they depend on new bone growth for stability. New bone growth cannot 
bridge gaps wider than 1 to 2 mm, therefore, intimate contact between the component and bone is 
crucial to permit bone in-growth.  
Cementless stems can loosen if a strong bond between bone and stem is not achieved. 
Although some surgeons are now using cementless devices for all patients, cementless THR is 
most often recommended for younger (under 50 years of age), more active patients, and patients 
with good bone quality where bone in-growth into the components can be predictably achieved. 
Quality of initial fit is important in cementless implants. Micro motion most often results in failure.  
From Engh et al. investigation of 307 patients after two years and 89 patients after five years 
for porous coated hip replacement it was concluded that a tight fit at the isthmus of the femur is 
necessary to have better bone fixation. A good press fit was observed to decrease the pain and 
they also suggested that if the stem fills the medullary canal, the prognosis will be good for bone in-
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growth. They reported that small diameter stems showed little stress shielding in 88% of the cases 
and larger diameter stems are most likely to cause more bone loss by stress shielding (Engh, et al., 
1987; Engh & Bobyn, 1988). 
Hip prostheses require stable, long-lasting and safe fixation to be used clinically. Cemented 
fixation has provided less satisfactory results in younger patients (Sancez-Sotelo, et al., 2002; 
Barrack, et al., 1992), and it involves some severe problems, such as the release of toxic 
monomers and heat necrosis (Gough & Downes, 2001; Moreau, et al., 1998). In fact, cementless 
hip prostheses provide better osseointegration into the porous stem surface structure with strong 
fixation between the stem and the bone, and this is an important feature for long term survival and 
also provides resistance to osteolysis (Hungerford & Jones, 1993; LaPorte, et al., 1999; Urban, et 
al., 1996). 
2.3.2 Stress shielding 
Stress shielding is a mechanical phenomenon, occurring in composites of stiff and flexible 
materials, and prominent in the femoral total hip arthroplasty (THA) configuration. (Huiskes, 1990; 
Lewis, et al., 1984). 
Hip joint and muscle loads are carried by the femur in its natural state, but when provided with 
an intramedullary stem, it shares the load-carrying capacity with the implant and bone instead of 
bone only. As a consequence, the bone is subjected to reduced stresses, and hence is stress 
shielded Figure 2-8. Therefore, the natural situation would cause bone to adapt itself by reducing its 
mass, either by becoming more porous (internal remodelling) or by getting thinner (external 
remodelling) in accordance with Wolff’s Law (Frost, 1987; Roesler, 1987). 
It is still uncertain whether the bone remodelling process stops after a relatively short period or 
not, but it is clear that there is bone mass reduction of up to 50% in the proximal femur after four to 
seven years (Kiratli, et al., 1991; Steinberg, et al., 1991).  
Loss of bone mass due to stress shielding is the most common cause of implant loosening 
(Huiskes, et al., 1992; Tang, et al., 2002). 
Based on the research conducted by (Kuiper, 1993) almost 10% of overall operations need to 
undergo revision surgery, depending on the patients’ condition and types of prosthesis. As a result 
of previous studies, almost 20% of 10,000 operations performed in Sweden need revision. 13% of 
used implants were cementless type (Malchau, et al., 2000).  
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The modulus of implant materials is a core factor in adequate transfer of stress to the 
surrounding bone. Rigid stems transfer less load and show greater stress shielding (Bitsakos, et al., 
2005). As a result of studies by Bobyn in 1990, femurs fitted with implants having flexible stems 
consistently showed much less bone resorption than those fitted with stiff implant stems. In 1992 
Sumner and Galante verified this finding (Bobyn, et al., 1990; Sumner & Galante, 1992). Titanium 
alloys can be suitable candidates for THR components in terms of low modulus and high fatigue 
strength compared with other alloys reported in, Table 2-1. 
Huiskes, et al. in 1992 studied the relative relationship between proximal interface stresses with 
stress shielding using FE modelling assuming different elastic moduli for the stem. Their results 
clearly illustrate that the relationships are nonlinear and when the stem becomes less stiff, it 
progressively increases interface stresses and progressively reduces stress shielding (Huiskes, 
1990). Hip replacement with flexible stems reduces bone resorption but requires stronger interface 
bonds in comparison with stiffer stems in order to prevent proximal interface micromotions and 
deboning.  Therefore, flexible stems represent the cure against bone resorption but at the same 
time may lead to increased loosening rates Figure 2-9 (Huiskes, et al., 1992). 
 
 
 
 
Figure 2-8 Simple scheme of stress shielding (Surin, 2005). 
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Table 2-1 Mechanical properties of alloys, polymers and ceramics used in THR (Sumner & 
Galante, 1992). 
Materials 
Tensile strength 
(MPa) 
Elastic Modulus 
(GPa) 
Alloy   
Co-Cr-alloys 655-1896 210-253 
Co-Cr-Mo 600-1795 200-230 
Ti-6Al-4V 960-970 110 
Stainless steel 316 L 465-950 200 
Polymers   
UHMWPE 21 1 
PTFE 28 0.4 
Ceramics   
Zirconia 820 220 
Alumina 300 380 
 
In the late 1970s, Indong and Harris initiated a distinctive series of proximal strain distribution 
studies on human cadaver femur with 6 different femoral components of total hip replacements. 
They reported transfer of load directly to the calcar femoral through a larger collar in direct contact 
with the cortical bone restored 30 to 40 per cent of the normal strain to the calcar femoral and 
shifted the strain pattern toward normal. 
Hip replacement with a hollow stem implant reduces the stress peak beneath the tip of the 
prosthesis and increases the stress in the proximal cortical bone by about 20% (Mattheck, et al., 
1990).  
 
Hip stems having a mesh structure have recently been proposed and found to show lower 
levels of stress shielding than the solid stem comparator systems (Cansizoglu, 2008).  
Figure 2-9 Stress shielding and proximal interface stress vs hip stem stiffness. Stress 
shielding is expressed relative to the case of a titanium stem (100%) and interface stress 
is expressed relative to an isoelastic stem with the same elastic modulus as bone 
(100%). (Huiskes, et al, 1992). 
  16 
2.3.3 Promotion of new bone in-growth 
Bone in-growth around the stem can cover and create an adequate seal against intrusion of 
wear particles into the implant–bone interface (Urban, et al., 1996; Manley, et al., 1998). The 
concept of fixing total hip prostheses by bone in-growth instead of using cement has evolved in an 
attempt to decrease the incidence of loosening (Judet, et al., 1978; Lord, et al., 1979). 
The Engh, et al. investigation in 1987, showed bone in-growth on porous-coated cobalt-chrome 
femoral implants with excellent clinical results and stable fixation. The incidence of pain and limp 
was much lower when there was evidence of bone ingrowth, but in cases with a larger and more 
rigid stem, more extensive bone loss occurred.  
Hip stems of hydroxyapatite (HA)-coated multi-layered mesh and conventional beads were 
examined by (Kusakabea, et al., 2004). The conventional bead stem was a Ti6Al4V stem 
conjugated by 500μm diameter commercially pure (cp) titanium beads Figure 2-10. Faster, 
stronger, and more durable osseointegration was reported for the HA-coated multi-layered mesh 
stem compared with the conventional bead stem. The characteristics of its design allow accelerated 
bone in-growth, with the new bone formed in the macro-porous structure to give a true anchoring 
effect, and to achieve adequate thickness for the bone trabecular in the porous structure. 
 
Hip implants, especially the stem, will carry most of the femoral load and pose the greatest 
concern for bone stress shielding. Using open-cellular structure prototypes will have significant 
benefits in reducing bone revision and in providing effective fixation of the implant to the existing 
bone without cement. Using contemporary, porous-coated stems from the stem collar to the tip, or 
Figure 2-10 Implants: (a) an HA-coated multi-layered mesh stem with an alumina 
ceramic head and (b) a conventional bead stem as a control (Kusakabea, et al., 2004). 
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only in the upper stem section from the collar, has been a popular fixation strategy for the past two 
decades (Huiskes, et al., 1992; Engh, et al., 1987). 
The development of metal or alloy stems with a porous core Figure 2-11 may provide an 
efficient scaffold for the development of vascular structures which could eventually render the 
implant even more bio functional or biocompatible than simply reducing stress shielding and 
providing for efficient fixation by bone cell in-growth (Yang, et al., 2001; Freyman, et al., 2001; 
Dietmar, 2000). 
 
 
2.4 Design and fabrication of hip stems 
A significant body of research has focused on reduction of stress shielding and improving the 
durability of hip implants by encouraging bone in-grown. Cementless implants with porous structure 
in the stem region have been used to reduce implant loosening. Alternative implant designs have 
also been considered to produce more effective stems with less micro motion in the short term and 
less stress shielding in the long term. Modelling has been used to assess the performance of the 
implants.  
Figure 2-11 Conceptual view of Ti-6Al-4V intramedullary stem in the femur (a), built by 
Electron Beam Melting (EBM) using a CAD model. (b) Shows a cutaway view for the 
monolithic foam component (Murr, et al., 2012). 
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2.4.1 Honeycomb cell geometry 
Unit cells are often used in modelling cell shape in foams. In 1988, Gibson and Ashby 
investigated the microstructures of conventional foams. From their work on foam cell geometries, 
they used the cubic structure shown in Figure 2-12 for their mathematical model of 3D foams.  
 
They also developed a flexure model for describing the mechanics of 2D honeycombs to show 
how a re-entrant honeycomb exhibits a negative Poisson's ratio (Gibson & Ashby, 1988). 
Using the geometric configuration and coordinate system of Figure 2-13, Gibson et al assumed 
that deformation occurred by flexing of the cell walls when an external load was applied.  
Treating the cell walls as linear elastic beams and using simple mechanics they were able to 
derive the following equations for the elastic properties of honeycombs: 
 
                      
Figure 2-12 Cubic model for an open-cell foam showing the edge lengths, h, and l, 
and the edge thickness, t. (Gibson & Ashby, 1988) 
Figure 2-13 Conventional hexagonal honeycomb with geometrical parameters. 
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where ℓ is the length of an oblique cell wall, h is the length of a vertical cell wall, t is wall 
thickness, and θ is the angle an oblique rib makes with the x axis, and is in the range of 0 < θ < 
+90° for the conventional hexagonal mesh Figure 2-13 and -90° < θ < 0 for the re-entrant hexagonal 
mesh Figure 2-14. Es is the Young’s modulus of the solid material.  
Masters and Evans (Masters & Evans, 1996) further considered the mechanics of two 
dimensional re-entrant and conventional hexagonal honeycombs consisting of thin planar walls of 
uniform thickness but different lengths. They employed a beam analysis to obtain the effective in-
plane elastic constants for a particular orientation of the cells with respect to the principal axes of 
strain. Hinging, stretching and flexing of the walls were considered to operate in isolation and also 
simultaneously. The flexure model expressions developed by Masters and Evans are identical to 
those of Gibson and Ashby, and they defined a flexure force constant Kf = 𝐸𝑠𝑏 (
𝑡
𝑙
)
3
. The Masters 
and Evans hinging model Poisson’s ratio expressions are also found to be identical to the 
equivalent flexure model expressions, and the hinging model Young’s moduli differ only in as much 
as a hinging force constant (Kh) replaces (Kf). For the case of deformation by stretching of the ribs, 
Masters and Evans derived the following expressions1: 
                                                     
1
 Masters and Evans interchanged the x1and x2 directions with respect to those defined by Gibson and 
Ashby. The Gibson and Ashby convention is adopted here and so the subscripts 1 and 2 in the Masters and 
Evans expressions reproduced here are interchanged compared to their original paper. 
Figure 2-14 Re-entrant hexagonal honeycomb mesh structure with geometrical 
parameters. 
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where: E1/Es and E2/Es, are the relative Young's moduli in the 1 and 2 directions respectively, and 
Ks, is the stretching force constants. h/l, is the ratio of lengths of the cell ribs, b, is the cell rib 
thickness, and θ, is the angle between the two connected ribs. When h/L=2 and θ=-30° (Figure 
2-15). Evans (Evans, 1991) describes this condition as square symmetric since measuring 
Poisson's ratio along directions away from the principle axes yields values differing from -1.  
 
 
 
The elastic moduli due to the combination of flexure, hinging (Masters & Evans, 1996) and 
stretching of the ribs are summarised in Equations. (It was assumed that θx= θy= θz and Lx= Lx= Lx) 
 
Figure 2-15 Cell geometry and coordinate system used for (a) hexagonal and (b) re-
entrant cells (Masters & Evans, 1996). 
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Almgren (Almgren, 1985) used a 2-D array of rigid rods joined by elastic hinges from which he 
developed a 3-D model which is isotropic in its macroscopic elastic properties. This model gives v= 
-1, and G=∞. Almgren showed that the 2-D model is not isotropic in the plane although the 
properties in the 1 and 2 directions are equal i.e. ν12 = ν21 =-1. 
2.5 Determining the Young’s modulus (or stiffness) of a mesh  
Gibson and Ashby considered that cellular foam similar to bone structure consists of a network 
of short beams or struts and that the basic deformation mechanism of foams is strut bending 
dominated in general. Figure 2-16 shows a simple foam structure element with, relative 
density𝜌 𝜌𝑠⁄ ; where 𝜌 and 𝜌𝑠 are the density of the cubic cell structure and strut material 
respectively.  
 
The relative density is related to the strut dimensions by 
           
                                            𝜌/𝜌𝑠 ∝ (𝑡/𝑙)
2                                                  2-13 
where t and l are the strut dimensions shown in Figure 2-16. The corresponding elastic 
(Young’s) modulus or stiffness for the open cellular element is: 
Figure 2-16 Simple foam structure element loaded with compressive force, (F). 
(Gibson & Ashby, 2001) 
Combined model:        
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where Es is the fully dense (solid) modulus, C1 is a constant and I is the second moment of 
area of a rectangular strut member, related to the beam member (or strut) dimensions (Gibson, 
2001) by:  
                                     𝐼 ∝  𝑡4                                                             2-15 
From equations 2-1 and 2-2: 
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It can be observed from equation 2-16 that in order to match an intramedullary bone regime 
having a stiffness of 10 GPa would require E/Es of 0.09 for a Ti-6Al-4V mesh structure (with 
Es=110 GPa).  
2.5.1 Fatigue 
Fatigue, particularly low-cycle fatigue (LCF) is a concern since walking and attendant bone 
loading and unloading is characterized by roughly 1 cycle s
-1 
(1 Hz).  
Chao and Coventry 1981 were the first to analyse failure mechanisms of cemented hip stems 
in a group consisting of 58 cases. They came to the conclusion that fracture of femoral stems may 
be attributed to one or a combination of factors including among others (1) high stress in the stem 
due to increased patient weight, a high level of activity, or relatively undersized prosthesis; (2) poor 
proximal bone support or fixation, which may be due to the absence of the calcar; (3) orientation of 
the stem inside the femur when implanted; (4) presence of a stress riser; and (5) material defects 
(Chao & Coventry, 1981). 
Kishida et al. described similar observations in a cementless spongy metal Lubeck hip 
prosthesis and added another aspect related to the stem size that might predispose a stem to 
fatigue fracture. For this reason, the Food and Drug Administration suggests that a smaller 
dimension in combination with porous coating lowers fatigue strength (Kishida, et al., 2002). 
Recently the fatigue response of open cellular Ti-6Al-4V mesh structures fabricated by EBM 
has been reported (Li, et al., 2012). Figure 2-17(a) shows that the compressive strength decreases 
proportionately with fatigue cycles to failure, and that decreasing the density of the (mesh) leads to 
a reduction in compressive strength. Figure 2-17(b) illustrates that the Young’s modulus (E) 
increases with fatigue strength and is consistent with other foam materials. Fatigue resistance is a 
crucial factor for the long term applications of implants subjected to cyclic loading, especially hip 
and knee arthroplasties (Dunne, et al., 2003). 
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When considering the competing demands of reducing stress shielding and increasing fatigue 
strength the design strategy becomes complex. The reduction in stress shielding for a lower 
modulus stem is typically achieved at the expense of a reduction in fatigue strength, and vice versa. 
It is also imperative that secure fixation be obtained for the first three months after the 
implantation of cementless prostheses (Engh, 1983; Callaghan, et al., 1988). 
Few investigators have studied loosening of hip implants in hip flexion, where torsional loading 
becomes important. Mjoberg found that for pure torsional testing of cementless stems in cadaveric 
femora, using single-cycle destructive testing (Allen, Phillips and McDonald 1986) is not sufficient to 
demonstrate stem loosening by ultimate fracture of the femur. Rotational loading is important to 
have a reliable demonstration of loosening (Mjoberg, et al., 1984; Radin, et al., 1982).  
In the early 1990s Philips and colleagues compared the immediate fixation of three stems in 
widespread clinical use, using a cadaver test simulation in which the femur was horizontal, and 
cyclic forces acted vertically downward on the prosthetic. No statistically significant differences in 
loosening between cementless Anatomic Micro Lock (AML) and Porous Coated Anatomic (PCA) 
prostheses were found, but they reported cemented stems withstood greater loads than 
uncemented stems by a factor of five or more (Philips, et al., 1990). 
Fracture of the femoral stem is rarely a complication in modern cementless hip arthroplasty. 
The CoCrMo alloys and titanium forge alloys used today are much more stable than forged 
stainless steel or cast cobalt chrome femoral components of the first generation. Most fractures 
occur in cemented prostheses (Chao & Coventry, 1981). 
Figure 2-17 Fatigue properties for Ti-6Al-4V mesh components. (a) Compressive 
strength versus cycles to failure at a compression fatigue rate of 10 Hz. (b) Fatigue 
strength versus Young’s modulus for Ti-6Al-4V mesh components compared to other 
foam materials (Li, et al., 2012). 
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2.6 Hip protection devices 
Hip fractures among the elderly represent a severe health problem and are expected to rise 
dramatically as the population ages (Cooper, et al., 1992; Kannus, et al., 1999). Around 60,000 hip 
fractures occur in the UK each year; with around 1.7 million hip fractures estimated in 1990 and 
which is expected to rise to6.26 million by 2050 (Cooper, et al., 1992). Most hip fractures are 
caused by sideways fall with direct impact on the greater trochanter of the proximal femur (Parkkari, 
et al., 1999; Kannus & Parkkari, 2006). Hip protection systems (Figure 2-18 and Table 2-2) employ 
pads to attenuate the impact force by one or both of the mechanisms of absorbing the impact 
energy or shunting the energy away from the trochanter into the surrounding tissues (Van Schoor, 
et al., 2006). Ease of use, thickness and weight of the protector pad are important in the design of 
the hip protector. 
 
 
 
 
Common reasons for refusal to wear a protective device are discomfort (Cameron, et al., 2003; 
Kannus & Parkkari, 2006; Forsen, et al., 2003; Villar, et al., 1998), viability of the tissue lying 
underneath the protector (Minns, et al., 2004), aesthetics and cost. 
As reported by Cheng et al. in their large biomechanical study (Cheng, et al., 1997) the 
average force required to fracture an elderly woman’s proximal femur in a typical fall-loading 
condition is about 3100 N, which is consistent with values reported in other, similar investigations of 
around 2900–3400 N (Courtney, et al., 1994; Stankewich, et al., 1996). 
In a study by Kannus, only the KPH hip protectors were found to reduce the impact force 
(=7806N fall-loading from a mass of 25kg from a height of 8cm) clearly below the average fracture 
threshold of 3100N (Kannus, et al., 1999). Van Schoor and co-workers compared 10 different hip 
protectors and their results also confirmed the Kannus study. They measured that the force was 
Figure 2-18 Hip protectors. Top row (from left to right): Homsby healthy hip; KPH2, 
Safe hip (old), Safe hip (New), Impactwear Hip Protective garments. Bottom row 
(from left to right): Geri hip, Hip Saver, Lyds Hip Protector, Safety Pants (FI), Safety 
Pants (NL) (Van Schoor, et al., 2006). 
  25 
reduced to 49% after adding soft tissue. Their results shown that hard energy shunting hip 
protectors reduced the impact significantly more than the soft energy absorbing hip protectors. 
 
Table 2-2 Examples of hip protectors. 
 
2.6.1 Hip protector impact testing 
Parkkari et al. developed a testing system consisting of an impact pendulum, surrogate pelvis 
and femur, and two load cells to simulate falling conditions in the elderly (Parkkari, et al., 1995). 
Figure 2-19 describes the simulation of the effective mass of the body during impact to the hip.  
Later, a test rig method was designed to simulate the environment when a person falls over 
(Nabhani & Bamford, 2002). The rig could be loaded up to 40 kg with drop heights of up to 0.51m. 
In 2005, an artificial hip model consisting of pelvic and femur sections in silicone with a hip shape 
was developed (Siegfried, et al., 2005), and in 2008 a dynamic impact test in combination with FE 
simulation Figure 2-20 was developed (Daners, et al., 2008). The quasi-static test was used by 
Daners team with an Instron testing machine. A sample was impacted with a flat compactor falling 
Hip protector (Country) 
Material of the protector 
(Length×width×height) (cm) 
Suggested 
mechanism 
Hard hip Protectors   
Hornsby Healthy Hip (Australia) 
Hard PVC plastic; soft inner foam 
pad 
Energy-shunting & 
energy-absorbing 
KPH 1(Finland) 
High density polyethylene (outer); 
Plastazote (Inner) (19×9×4.5) 
Energy-shunting & 
energy-absorbing 
KPH 2 (Finland) 
High density polyethylene (outer) 
&Plastazote (Inner) (19×8.5×3.5) 
Energy-shunting & 
energy-absorbing 
Safe hip (Denmark) 
Polyethylene foam; inner core with 
higher density  (15.4×11×2.5) 
Energy-shunting & 
energy-absorbing 
Impactwear Hip Protective 
Garments (New Zealand) 
Glass reinforced polypropylene 
polymer 
Energy-shunting & 
energy-absorbing 
Soft hip protectors   
Safety Pants (RaunomoOy) 
(Finland) 
Closed-cell polyethylene foam 
(18×16×2) 
Energy-absorbing 
Safety Pants “Van Heek Medical” 
(Netherlands) 
Polyurethane foam 
Energy-shunting & 
energy-absorbing 
Gerihip (USA) Cross-linked polyethylene pads 
Energy-shunting & 
energy-absorbing 
HipSaver (USA) 
Urethane foam in a waterproof 
airtight pouch 
Energy-shunting & 
energy-absorbing 
Lyds Hip Protector (Netherlands) Microcellular polyurethane foam Energy-absorbing 
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mass of 5.41 kg from a height of 0.05 m with a constant velocity of 10 mm per minute to a maximum 
deflection of 8 mm on a flat surface. 
 
 
Figure 2-19 The hip protector testing system developed by Parkkari et al. The insert gives 
the exact values for the terms of the figure. The height of the impact pendulum (D) was 0.13 
m (Parkkari, et al., 1995). 
 
The impact energy which can be applied to hip protectors was classified into three different 
categories; “low energy” or “low impact force”, “moderate energy” or “moderate impact force” and 
“high energy” or “high impact force”. The detail of the set up for these different impact levels is 
shown in Table 2-3. 
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Table 2-3 Examples of impact data for hip protectors; NG = data Not Given (Robinovitch, et 
al., 1991). 
 
2.7 Intervertebral disc implant devices 
Lower back pain is one of the most common problems in the world (Anon., n.d.; Errico, 2004).  
The spinal column is a series of bones called vertebra that forms the axial skeleton. The spinal 
column provides strong yet flexible support for the trunk of the body as well as protection for the 
spinal cord held within it. The spinal column supports most of the weight while walking, running, 
sitting, and lifting. All these activities have a potential injury risk and, in addition to these, a number 
Authors Experiment 
Descent 
height (m) 
Hip impact 
Velocity 
(m/sec) 
Impact 
energy (J) 
Calibration 
hit (N) 
Effective 
mass (kg) 
 Low energy 0.10 1.4 41 4330 40.3 
Kannus et 
al., 1999 
Moderate 
energy 
0.18 1.9 74 7230 40.3 
 High 
energy 
0.266 2.3 110 10840 40.3 
Nabhani et 
al., 2002 
Test rig 0.51 3.12 120 4300 24 
Van Schoor 
et al., 2006 
Drop 
weight 
0.8 NG NG 7806 25 
Daners et 
al., 2008 
Quasi-static 0.05 0.99 2.65 973 5.41 
Figure 2-20 Dynamic impact test. The striker hangs 0.05m above the protector shell, which is 
centrally positioned on the cylindrical aluminium anvil (Daners, et al., 2008) 
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of diseases such as degeneration, wearing and oldness of the soft tissue (intervertebral disc) 
present between adjacent vertebral bodies can cause problems to the spinal system. Lower back 
pain is thought to arise from one or more aspects of the spinal column impinging on nerves in the 
spinal column and causing pain. In the next paragraphs the spinal column will be described in 
detail. 
Adjacent vertebrae are linked by three articulations known as the ‘triple joint complex’ which 
includes the vertebral bodies at the front sandwiching an intervertebral disc with matching facet 
joints located posteriorly Figure 2-21 (Thalgott, et al., 2004). Each vertebra has two sets of facet 
joints with one pair called superior articular facet (upward) and the other pair called inferior articular 
facet (downward). 
 
2.7.1 Anatomy of lumbar spine 
The main functions of the spinal column are to stabilize the skeleton, to absorb mechanical 
vibrations and shocks and also to protect the spinal cord (Keller, et al., 1987). The human spinal 
column includes 33 vertebra and is divided into five main regions from skull to pelvis which are 
called Cervical, Thoracic, Lumbar, Sacrum and Coccyx Figure 2-22. 
The lumbar spine is the lower region of the spinal column which includes five vertebrae. Each 
vertebra is often referred to as a level represented with an ‘L’ and number to specify the particular 
level such as L2, L3, L4 and L5 which are the most distal vertebrae and L1 which is the most 
proximal vertebra. 
2.7.2 Bony anatomy 
The anterior portion of the vertebra consists of the vertebral body which is the main load 
bearing structure of the vertebra. The superior and inferior surfaces of the vertebral bodies are flat 
to enhance their load carrying capacity. The bony anatomy of each vertebra consists of an external 
shell of cortical bone surrounding a core of cancellous bone which is shown in Figure 2-23. 
Figure 2-21 Anatomical structure of facet joint, a) facet joint in motion, b) posterior spinal 
segment (Highsmith, 2012). 
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Figure 2-22 The 5 different regions of the spinal column: Thoracic, Lumbar, Sacrum 
and Coccyx (Highsmith, 2012). 
Figure 2-23 Bony anatomy of Lumbar vertebrae; VB – Vertebral Body; TP- 
Transverse Process; P- Pedicle; L- Lamina; SAP- Superior Articulating Process; IAP- 
Inferior Articulating Process; SP- Spinous Process (Bogduk, 1997). 
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The trabeculae of the cancellous core are arranged in a grid type pattern longitudinally to 
improve strength and allow dynamic flexibility during loading of the spine Figure 2-24. 
         
 
2.7.3 The intervertebral disc 
The Intervertebral Disc (IVD) is the soft tissue present between adjacent vertebral bodies and 
the distance between them represents the height of the disc. The functions of the IVD are to bind 
the vertebral bodies together, transfer load and allow movement Figure 2-25. 
 
 
Each IVD includes a Nucleus Pulposus (NP) which is composed primarily of water (65-88%), 
proteoglycans and collagen (Gower & Pedrini, 1969; Naylor, 1976). Proteoglycans are made of long 
chain molecules that are able to absorb water and swell. 15-20% of the dry weight of the NP is 
collagen (Beard & Stevens, 1980). The NP is surrounded laterally, anteriorly and posteriorly by the 
Annulus Fibrosus (AF) Figure 2-25. The AF consists of discontinuous concentric sheets or lamellae 
of collagen fibres (Marchand & Ahmed, 1990). As with the NP, water is the major constituent with 
Figure 2-25 Anatomy of the Intervertebral Disc, AF- Annulus Fibrosus; NP- Nucleus 
Pulposus; VEP-Vertebral Endplate (Bogduk, 1997). 
Figure 2-24 Arrangement of trabeculae in the vertebral body (Bogduk, 1997). 
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70-78%, collagen is the next with 50-60% of the dry weight and proteoglycans are also present in 
the AF contributing to 20% of the dry weight (Gower & Pedrini, 1969; Naylor, 1976). The collagen 
fibres within each lamella of the AF are arranged parallel to each other and inclined at an angle of 
~60
0
 to the vertical alternating from positive to negative with respect to the vertical axis as shown in 
Figure 2-26. 
 
2.7.3.1 Functional anatomy of the intervertebral disc 
The unique anatomy of the IVD allows it to effectively carry load while allowing for a certain 
degree of mobility that comes from the integrity of the fluid NP. When a compressive load is applied 
to the NP a multi directional force is produced and pushes against the AF and endplates Figure 
2-27, forcing the annular fibres into tension through radial bulging and deforming the endplates 
(Reuber, et al., 1992; Brinckmann, et al., 1983). 
The NP is usually considered to be a near-incompressible material having a positive Poisson’s 
ratio. The AF performs the function of retaining the NP from migrating out of the IVD under 
compressive loading. The AF acts like a thick walled pressure vessel and radial swelling of the NP 
places the AF under circumferential tension whilst also exerting radial compression to the inner 
surface of the AF. Failure of the AF is thought to result in disc herniation and subsequent back pain.  
 
Figure 2-26 Orientation of fibres of the annulus fibrosus (Bogduk, 1997). 
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Measurements of the mechanical properties of the AF typically have large quoted experimental 
uncertainties (Acaroglu, et al., 1995; Guerin & Elliott, 2006) and imply a non-symmetric compliance 
matrix (Elliott & Setton, 2001), possibly reflecting such measurements are difficult and the AF 
material is inhomogeneous and/or non-conservative. A negative in-plane Poisson’s ratio has been 
measured at low circumferential tensile strain (<3%) (Acaroglu, et al., 1995), but it is generally 
reported that on-axis in-plane Poisson’s ratios of the AF are large and positive (typically ranging 
between +1 to +4). Large positive in-plane Poisson’s ratios are known in angle-ply fibre reinforced 
laminates having similar ply angles to those known in the AF (i.e. ~ +/-30), and are accompanied 
by negative through-thickness Poisson’s ratios (Clarke, et al., 1994; Evans, et al., 2004). The 
experimental measurement of large positive in-plane Poisson’s ratios of the AF was accompanied 
by a much lower positive value of +0.33 for the through-thickness Poisson’s ratio of the outer region 
of the AF (Elliott & Setton, 2001). The value quoted is the average for 10 samples with an 
associated standard deviation of +/- 0.68. Hence it is possible negative through-thickness Poisson’s 
ratios were measured for some of the samples. A negative through-thickness Poisson’s ratio (-1.5 < 
ν < 0) has been predicted for the AF in a 3D Finite Element Model of the fibre-matrix structure (Yin 
& Elliott, 2005). There is evidence, therefore, that the positive Poisson’s ratio NP is surrounded by 
an AF containing auxetic character, at least in some regions. 
2.7.4 Intervertebral disc degeneration 
IVD degeneration is strongly related to age, through changes in the biochemistry of the disc 
system. A reduction of water and proteoglycan content of the NP is the most notable change in a 
degenerated disc that also causes reduction in the disc height (Naylor, 1976). Loss of disc height is 
clinically important because it eventually affects the nerve root system (Bao, et al., 1996). The 
reduction in water content in the degenerated disc has a great effect on the load carrying capacity 
and causes not only variable load transfer across the articulating surfaces of the vertebral bodies 
Figure 2-27 The load carrying capacity of the intervertebral disc in compression 
(Bogduk, 1997). 
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but also concentrates load in the peripheral region (Rockoff, et al., 1969). Lower back pain can be 
characterized by specific pathologies such as hernia, infection, inflammation, osteoporosis, 
rheumatoid arthritis, or fracture (Tulder, et al., 2002). Figure 2-28 depicts common pathologies that 
can be associated with lower back pain; showing the degenerated disc, a bulging disc, a herniated 
disc, disc thinning, and disc degeneration with osteophyte (bone spur) formation. 
There are several sources that could cause lower back pain. These possible sources of pain 
include; herniated discs, spondylolisthesis, degeneration of the vertebral body, stenosis, or 
degenerative disc disease. A herniated disc is a split or rupture in the IVD which allows the NP to 
leak out. Spondylolisthesis is a forward slippage of one vertebra relative to another (Highsmith, 
2012). A deterioration of the bone that makes up the vertebrae is caused. Degeneration of the 
vertebral body can be caused by age or another underlying disease such as osteoporosis. Stenosis 
is a narrowing of the spinal cord canal. Although the precise cause of low back pain is disputed, 
degeneration of the intervertebral disc is believed to play an important role (Norcross, et al., 2003).  
Disc degeneration occurs in three stages: dysfunctional, instability, and stabilization. The 
dysfunctional stage is characterized by circumferential fissuring or tearing of the outer AF. This 
stage of disc degeneration is accompanied by acute episodes of low back pain or phases where the 
back “goes out”. In the instability stage, intervertebral disc changes occur as the result of multiple 
annular tears and delamination of the layers. This results in vertebral segment instability. The 
instability will result in further decline in proteoglycans and water loss. The final stage, stabilization, 
is characterized by further resorption of the NP which leads to more IVD space narrowing, fibrosis, 
endplate irregularities, and osteophyte formation (Howard, et al., 2006). 
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                            Figure 2-28 Examples of disc diseases (Clorado, 2012). 
 
Mechanical failure of the AF is mostly indicated by tears, fissures, protrusions or disc 
prolapses. Combined loading is most likely to produce higher associated fibre strains compared to 
single axis loading (Heuer, et al., 2008). However, long-term results are unavailable and failure 
modes are unknown (Cunningham, et al., 2009). Three types of lesions can occur in IVDs. The first, 
concentric tearing occurs in the periphery of the disc Figure 2-30 (Osti, et al., 1990). Irregular radial 
fissures that extend from the NP outwards or through the outer annulus are called radial tears 
Figure 2-29 (Hirsch & Schajowicz, 1953). Finally, rim lesions can occur which are the separation of 
the outer annulus from the vertical rim of the adjacent vertebral body and are most prevalent in the 
anterior annulus (Hilton, et al., 1976; Osti, et al., 1990). 
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                 Figure 2-29 Concentric tears in the intervertebral disc (Thompson, 2002). 
 
                 Figure 2-30 Radial tears in the intervertebral disc (Thompson, 2002). 
 
2.7.5 Treatment options  
Spinal fusion and discectomy are the most popular surgical treatments for lower back pain 
(Denoziere & Ku, 2006). Discectomy is surgery to remove herniated disc material and is employed 
when the AF degeneration is not severe, herniation occurs and the migrated NP is impinging on to 
the nerve root. Spinal fusion involves inducing bone growth across the adjacent vertebra to reduce 
back pain in patients having chronic back pain. However, these types of surgeries are used to 
reduce the back pain and not to restore the normal function of the IVD (Lee & Langrana, 1984). 
2.7.5.1 Total disc replacement 
When the AF is severely degenerated and is beyond repair total disc replacements are the final 
option. In this method the diseased disc needs to be entirely removed and replaced by a synthetic 
material (Bao & Yuan, 2000). 
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Some different disc replacement devices are shown in Figure 2-31 and Figure 2-32 (Anderson 
& Rouleau, 2004). These devices offer an alternative to the 450,000 lumbar and cervical fusion 
procedures performed by US spine surgeons each year (Singh, et al., 2004). Artificial devices for 
spinal arthroplasty can be classified as nucleus prostheses for partial disc replacement and disc 
prostheses for total disc replacement. The history of spinal arthroplasty began in 1956. Before this 
time arthrodesis, a surgical procedure to artificialy induct the joint ossification between two bones 
was the gold standard of treatment for severe IVD degeneration. Having a functional replacement 
was the logical step for spinal disc treatment. (Szpalski, et al., 2002).  Designing a successful 
intervertebral disc is very complicated as the intervertebral disc serves a double function of mobility 
and damping with load repartition properties, and the centre of rotation constantly moves along the 
three axes. 
 
 
Figure 2-31Cervical disc prostheses.A, Prestige. B, Bryan. C, Prodisc (Anderson & Rouleau, 
2004). 
 
 
Figure 2-32Lumbar disc prostheses.A, SB Charite´ III. B, Prodisc II. C, Maverick (Anderson & 
Rouleau, 2004). 
 
Depending on the degrees of freedom disc replacements are classified as unconstrained, semi-
constrained and constrained, as shown in Figure 2-33 (Galbusera, et al., 2008). 
In 2001 Eijkelkamp et al. identified and listed the requirements for an artificial disc replacement 
according to: geometry, stiffness, range of motion, strength, centre of rotation, fixation to the 
adjacent vertebra, function of the facet joints and fail-safety (Eijkelkamp, et al., 2001).  
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Other authors have raised the importance of the biocompatibility (Moore, et al., 2002) and 
shock absorption properties (LeHuec, et al., 2003) of such devices. 
 
Finite Element Modelling (FEM) has been used to predict mobility in models of an implanted 
movable artificial disc and has been shown to provide an accurate means for assessing 
biomechanical performance in the design of future artificial IVDs (Cunningham, et al., 2009). 
American Society for Testing and Materials [ASTM] standard test techniques developed for analysis 
of retrieved hip and knee replacements have been readily adapted for the characterisation of total 
disc prostheses (Kurtz, et al., 2005). 
A new generation of disc replacement devices has been produced from fabrics. The disc 
maintains biomimetic J- shaped stress-strain behaviour without generating wear debris for up to 
sixty three million alternating stresses, equivalent to natural biological movements for a period of 
more than 30 years (Shikinami & Kawarada, 1998; Anderson & Rouleau, 2004). This disc improves 
on the constitutional imperfections of biological intervertebral discs by eliminating the risk of rupture 
and delamination. The 3D fabric disc replacement is compatible and clinically suitable for human 
disc replacement with long term durability but they are questionable in terms of maintaining their 
initial height over the time and also their responses to creep. Conformable foams were designed 
and suggested by (Grinberg, et al., 2009) . 
A flexible artificial disc replacement with a negative Poisson’s ratio has been designed (Martz, 
2005) with the aim of preventing disc bulge which might otherwise impinge on nerves and cause 
pain, as well as duplicating the compressive axial stiffness of the natural lumbar intervertebral disc. 
The disc was designed based on a re-entrant honeycomb structure and was made from high 
density polyethylene (Figure 2-34). 
Figure 2-33 Classification for prosthesis designs. The unconstrained class includes 
prostheses featuring non-conformal gliding surfaces (a), two different articulating 
couplings (b) and a deformable core (c) (Galbusera, et al., 2008). 
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                    Figure 2-34 Artificial disc design proposed by Martz et al, (Martz, 2005). 
 
The potential for auxetic spinal implants has also been investigated in a more recent study 
(Baker, 2011) which indicated that a negative Poisson’s ratio artificial IVD will display similar 
characteristics to a natural IVD, but will additionally mitigate against the bulging observed in a 
positive Poisson’s ratio disc. Isotropic disc material properties were considered, and a limited set of 
negative Poisson’s ratio values for the disc were investigated using FEM.  
2.8 Auxetic materials  
The Poisson’s ratio,𝝂𝒙𝒚 of a material is defined by the ratio of the transverse contraction strain 
to the longitudinal extension strain in a normal tension condition (Fung, 1965). 
                                     𝝂𝒙𝒚 = − 𝜺𝒚 𝜺𝒙⁄                                                        2-17 
where εx is the strain in the direction of an applied uni-axial stress along the x direction and εy is 
the resulting strain in the transverse y direction. Common materials have a positive Poisson’s ratio, 
i.e. when stretched they become thinner. Conversely, an auxetic material has a negative Poisson’s 
ratio and becomes thicker when stretched (Figure 2-35).  
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The unusual behaviour of auxetic materials comes from the combination of their internal 
structure and their deformation mechanism(s). For example, Evans pointed out that a simple two 
dimensional model for conventional open-celled polymeric foam is that of a hexagonal honeycomb 
which is shown in Figure 2-36. Consider the case where the hexagonal honeycomb deforms by 
rotation (hinging) of the cell walls in response to an applied mechanical load. When such a 
honeycomb is pulled vertically, the cells elongate vertically and thin down horizontally, thus giving 
rise to a positive Poisson's ratio. However, if the cells are made re-entrant (Figure 2-36 (b)), that is 
the upper and lower apices are made obtuse, then when this honeycomb is stretched, the cross-
section broadens and a negative Poisson's ratio results (Evans, 1991). 
According to classical elasticity theory, Poisson’s ratio ranges from -1 to +0.5 (Lempriere, 
1968) for three dimensional (3D) isotropic materials and from -1 to +1 for two dimensional (2D) 
isotropic systems (Wojciechowski, 2003) based on a thermodynamic consideration of the strain 
energy (Fung, 1965).  
Natural auxetic materials are classified into natural molecular auxetic materials and 
biomaterials. Some examples of natural molecular auxetic materials are iron pyrites (Love, 1927), 
single crystalline materials such as arsenic (Gunton, 1972), cadmium (Li, 1976) and silicate α- 
cristobalite (Grima, et al., 2007). Auxetic biomaterials such as cow teat (Lees, et al., 1991) and 
salamander skin exhibit negative Poisson‘s ratio. The negative Poisson‘s ratio is presumed to be 
due to the complicated micro structural fibrous network in the skin tissue.  
 
 
Figure 2-35 Conventional material (top) undergoing axial extension and transverse 
contraction in response to a stretch applied along the axial (x) direction. Auxetic 
material (bottom) expanding in both the x and y directions under the same loading 
condition. The dashed outline corresponds to the undeformed shape of the material.  
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Currently, auxetic polymeric materials have been developed in a variety of forms, including 
polyester urethane (PU) foam (Lakes & Loureiro, 1999), (Lakes, 1987) polytetrafluoroethylene 
(PTFE) tape (Caddock & Evans, 1989), ultra-high molecular weight polyethylene (UHMWPE) rods 
(Evans & Alderson, 1992), polypropylene (PP) rods, fibres and films (Pickles, et al., 1996; Alderson 
& Simkins, 1999; Ravirala, et al., 2005), fabrics (Ugbolue, et al., 2009; Starbuck, et al., 2008; Miller, 
et al., 2009; Zhengyue & Hong, 2014); Alderson, et al., 2012, fibre-reinforced polymer composites 
(Herakovich, 1984; Clarke, et al., 1994) and honeycombs (Alderson, et al., 2000). Theoretical nano-
scale auxetic polymers have also been proposed (Evans, 1991; He, et al., 1998).  
As a result of the negative Poisson’s ratio, auxetic materials exhibit enhanced properties 
compared with conventional materials. These include increased shear modulus (Huang & 
Blackburn, 2002), indentation resistance (Lakes & Elms, 1993; Smith, et al., 1999; Alderson, et al., 
2000), fracture toughness, energy absorption (ultrasonic, impact (Alderson & Coenen, 2008) and 
acoustic (Alderson, et al., 1997; Scarpa & Smith, 2004; Alderson & Coenen, 2008)), 
porosity/permeability variation with strain (Alderson, et al., 2000; Alderson & Alderson, 2007), 
synclastic curvature – (Figure 2-37) – (Evans, 1990; Lakes & Loureiro, 1999), and pull-out 
resistance – Figure 2-38 – (Simkins, et al., 2005; Choi & Lakes, 1991). 
Figure 2-36 (a) A schematic diagram of a conventional hexagonal structure and 
how it deforms (via rotation of the cell walls) when stretched, producing a 
conventional positive Poisson's ratio. (b) A re-entrant honeycomb producing a 
negative Poisson's ratio (Evans, 1991). 
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Figure 2-38 Single-fibre pull-out force-displacement data for auxetic and non-auxetic 
polypropylene fibres embedded in epoxy resin. Inserts show auxetic fibre locking effect 
leading to enhanced fibre pull-out resistance demonstrated by the auxetic fibre carrying 
more than twice the maximum load and requiring three times the energy to extract the fibre 
than the equivalent positive Poisson’s ratio fibre specimen (Simkins, et al., 2005; Alderson & 
Alderson, 2007). 
 
2.8.1 Young’s and shear moduli 
As a first step in acquiring an understanding of the consequences of the auxetic property, first 
study the relationships between shear modulus G, Young’s modulus E, bulk modulus K and 
Poisson’s ratio ν – Figure 2-39, adapted from (Evans, 1991). 
Figure 2-37 (a) Anticlastic (saddle-shape) curvature of positive Poisson’s ratio material 
and (b) synclastic (dome-shape) curvature of negative Poission’s ratio (auxetic) material 
undergoing out of plane bending (Alderson, et al., 2000). 
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For an isotropic perfectly elastic material only two of these quantities need to be measured as 
the other two can be determined from them and the relations are (Fung, 1968; Beer, et al., 2001): 
                                        G =
3K(1−2ν)
2(1+ν)
                                                       2-18 
 and 
                                        E = 2G(1 + ν) = 3K(1 − 2ν)                              2-19 
 
Therefore in conventional isotropic materials, Young’s modulus (E) is at least twice the shear 
modulus (G). Also with a particular fixed value of E, when Poisson's ratio ν approaches 0.5, the bulk 
modulus, K, will become very large. However, when the Poisson’s ratio becomes negative, the two 
moduli become close until ν approaches -0.5 when they are equal. As ν approaches the lower limit 
of -1 the material becomes highly compressible but difficult to shear; its bulk modulus and Young’s 
modulus are much less than its shear modulus (Choi & Lakes, 1992). So, a solid with ν ≈ -1 would 
be the opposite of rubber: difficult to shear but easy to deform volumetrically, G>>K.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A further example of the benefits of a negative ν is the case of the deflection of a fixed circular 
plate which is illustrated by Evans (1991) and shown in Figure 2-40. As ν approaches -1 the 
deflection of the circular plate becomes smaller and smaller for a given load. Hence the plate 
becomes effectively stiffer as a result of simply altering the Poisson's ratio. 
 
Figure 2-39 The relationship between the fundamental elastic constants, the Young's 
modulus, E, the Poisson's ratio, ν, the bulk modulus, K, and the shear modulus G, for 
an isotropic material (Evans, 1991). 
        (E, ν) 
(K) 
 
              
(G) 
E measure of resistance to tensile load 
ν Measure of change in cross-section under tension 
G measure of resistance to applied shear load K 
measure of resistance to an applied pressure. 
K =
𝐄
𝟑(𝟏−2𝒗)
    G =
𝐄
𝟐(𝟏+𝒗)
    E=
𝟗𝐊𝐆
(𝟑𝑲+𝑮)
   𝒗 =
𝟑𝐊−𝟐𝐆
𝟐(𝟑𝐊+𝐆)
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Another advantage of a sheet of auxetic foam, predicted by Evans (1990), is its dome shape 
curvature under out-of-plane bending, as shown in Figure 2-37. When a sheet of ordinary foam is 
curved downwards, its natural tendency is to curve up in the transverse direction to form a saddle 
shape. A material with a negative Poisson's ratio will however curve downwards in both directions 
producing a dome shape. Currently the only way of using honeycombs in curved geometries is 
either by machining them, which is a costly process, or by forcing them into shape and damaging 
the core material. As a consequence of the double-curvature property, an auxetic material can be 
easily designed to fit to doubly-curved geometries through simple bending out-of-plane. 
2.8.2 Indentation behaviour 
It is harder to indent auxetic materials in comparison with non-auxetic materials, and so they 
have more resistance to indentation. When non-auxetic material is subjected to compression 
loading, the force compresses the material, and the material spreads in directions perpendicular to 
and away from the direction of the impact to compensate the load (Figure 2-41). However, when 
auxetic material is subjected to impact loading in one direction, it contracts laterally towards the 
compression by flowing into the vicinity of the impact, as shown in Figure 2-41. This creates an area 
of denser material, which is more resistant to indentation (Evans & Alderson, 2000). 
 
 
Figure 2-40 The deflection, d, of a circular plate (radius R, thickness t, Young's modulus 
E, and Poisson's ratio ν) due to applying a force F at its centre. (Evans, 1991) 
Figure 2-41 Schematic deformation behaviours of non-auxetic and auxetic materials 
under indentation loading (Evans & Alderson, 2000).  
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An investigation into re-entrant foams having higher yield strength (𝜎𝑦) and lower stiffness (E) 
than conventional foams with the same original relative density showed that the re-entrant foams 
indeed densify under indentation due to increase in shear stiffness and negative Poisson’s ratio 
(Smith, et al., 1999). Classical elasticity theory shows that the indentation resistance of an isotropic 
material is proportional to (
1
1−𝜈2
) (Timoshenko & Goodier, 1970): 
                                         𝐻 ∝ [
𝐸
(1−𝜈2)
]
𝛾
                                                2-20 
where 𝛾 = 1 stands for uniform pressure distribution and 𝛾 = 2/3 is Hertzian indentation. For a 
given value of E, the indentation resistance increases with the magnitude of Poisson’s ratio (ν), and 
is enhanced over conventional materials when -1 ≤ ν < -0.5. As ν approaches -1, the hardness 
tends towards an infinite value.  
Hardness has been investigated for many of the synthetic auxetic materials produced to date 
and enhancements have been found across the board in materials as diverse as polymeric and 
metallic foams  (Chan & Evans, 1998; Lakes & Elms, 1993), carbon fibre composite laminates 
(Coenen, et al., 2001) and micro porous polymers (Alderson, et al., 2000). For example, the 
hardness of the auxetic micro porous ultra-high molecular weight polyethylene (UHMWPE) was 
improved by up to a factor of 2 over conventional UHMWPE (Alderson, et al., 1994). In addition, at 
lower loading (e.g., 10 ~ 100N), the indentation test showed that auxetic UHMWPE was more 
difficult to indent and the hardness was increased by up to a factor of 8 if the Poisson’s ratio was 
changed from approximately 0 to -0.8 (Alderson, et al., 1994). Study of the stress-strain 
relationships for conventional and re-entrant foam materials shows significant differences (section 
2.8.3) between auxetic and non auxetic foams (Choi & Lakes, 1992). 
2.8.3 Deformation behaviour (foams) 
The annealing stage of the foam conversion process (section 2.10.1 ) normally reduces 
Young’s modulus at a given volumetric compression ratio. Therefore, the converted re-entrant 
(auxetic) foam can be less stiff than the conventional foam after of the conversion process. For 
conventional foams the properties in tension and compression are similar. However, the re-entrant 
foams show dissimilar behaviours in tension and compression. In addition, in both tension and 
compression, the conventional foams exhibit a rather long plateau above the proportional limit 
whereas the re-entrant foams display almost linear stress-strain response. This behaviour is 
attributed to plastic hinge formation of cell ribs (Choi & Lakes, 1992). It has also been observed that 
the conventional foam has some strain-hardening tendency, but the re-entrant foam does not.  
In 1992, Choi and Lakes reported mechanical test results on small size specimens of polymeric 
foams, typically: 10mm × 10mm × 12.5mm for tensile test specimens; and 10mm × 10mm × 6mm 
for compression test specimens. To improve the accuracy of the static test results, larger auxetic 
foam specimens with higher aspect ratios need to be fabricated and tested. They also detailed a 
method for measuring the Poisson's ratio of the foams. Their method included two lines10mm apart 
which were drawn in the middle of the lateral surface of the foam, and the longitudinal strain was 
  45 
changed by 5% while the lateral deformation was measured with a micrometre screw gauge. This 
implies that they have only measured the movement of the foam surface, instead of measuring the 
movement of the entire block of foam. The mechanical properties of foams may also be different 
when compressed in different directions indicative of structural and mechanical anisotropy. 
2.9 Auxetic biomedical devices 
As a result of the novel auxetic property and related property enhancements, auxetics are 
finding applications in a number of sectors. The initial work towards an auxetic IVD already referred 
to in section 2.7.5.1 provides an example in the biomedical sector. A limited number of other 
potential applications for auxetic materials in biomedical applications have been reported to date. 
These are reviewed in the following. 
Expanded polytetrafluoroethylene (PTFE), used as an arterial prosthesis material, has been 
shown to be able to display auxetic properties (Caddock & Evans, 1995). In the case of a 
conventional arterial prosthesis material, a pulse of blood flowing through the vessel causes the 
lumen to open up and decreases the wall thickness - Figure 2-42 (a). This could potentially lead to 
rupture of the vessel with catastrophic results. However, an arterial prosthesis made from auxetic 
material will undergo wall thickening in response to a pulse of blood and, therefore, prevent rupture 
of the artery wall - Figure 2-42 (b) (Evans & Alderson, 2000). 
  
 
 
A patent application describes a dilator for use in coronary angioplasty and related procedures 
employing an expandable auxetic sheath (Moyers, 1992). The coronary artery is opened up by the 
lateral expansion of a flexible auxetic PTFE hollow rod or sheath under tension Figure 2-43. Auxetic 
stents based on similar principles have also been proposed (Hengelmolen, 2002). 
 
Figure 2-42 Schematic diagram of deformation behaviour of artificial blood vessels: (a) 
conventional material and (b) auxetic blood vessel (Evans & Alderson, 2000). 
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A smart bandage providing controlled drug delivery from within the microstructure of host 
auxetic fibres forming the bandage itself has been proposed (Alderson & Alderson, 2005). The 
bandage consists of auxetic filaments impregnated with anti-inflammatory agent and is applied to 
the wound (Figure 2-44 (a)). The infected wound swells and stretches the bandage. As a result 
stretching of the filaments occur which causes opening of the filament micro-pores because of the 
auxetic effect. Subsequently, the bandage starts the controlled release of the anti-inflammatory 
agent (Figure 2-44 (b)). As the swelling decreases with wound healing progress, the bandage and, 
therefore, filaments relax. Consequently, the filament micro pores will close and stop the release of 
the anti-inflammatory agent (Figure 2-44 (c)).  
 
 
 
 
Sutures and ligament/muscle anchors exploiting the pull-out resistance of auxetic materials 
have been suggested (Simkins, et al., 2005). A conventional ‘anchor’ material will tend to thin when 
placed under tension and, therefore, will pull away from the surrounding biomaterial leading to 
failure of the suture/ligament-biomaterial interface (Figure 2-45 (b)). An anchor displaying the 
auxetic property will expand when pulled and, therefore, lock into the surrounding biomaterial to 
retard the onset of suture/ligament-biomaterial interface failure (Figure 2-45 (c)). The enhanced 
Figure 2-43 Dilator employing an auxetic end sheath. Insertion of finger and thumb 
apparatus causes the auxetic sheath to extend and expand laterally, thus opening up the 
surrounding vessel (Moyers, 1992; Alderson, 1999). 
Figure 2-44 Schematic of a ‘smart’ bandage’ comprised of auxetic fibres containing active 
pharmaceutical ingredients in the fibre micro-pores (Alderson & Alderson, 2005). 
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anchoring concept has been demonstrated using auxetic copper foams (Choi & Lakes, 1991) and 
polypropylene fibres (Figure 2-38), and is also expected to provide enhanced fracture resistance of 
fibre-reinforced composites by delaying the fibre pull-out process. 
Ultrasonic sensors and imagers have been proposed having enhanced electromechanical 
coupling through employing an auxetic polymer matrix in piezoceramic composites (Smith, 1994). 
The low bulk modulus of auxetic materials makes them more sensitive to hydrostatic pressure 
therefore they can advantageously be used in the design of hydrophones and other sensors. 
Additionally, the lateral contraction of an auxetic matrix in response to a compressive wave normal 
to the surface of such a device provides a lateral tension on the (positive Poisson’s ratio) 
piezoceramic rods. This acts to amplify the direct axial compression acting on the rods due to the 
compressive wave normal to the surface of the device, leading to an enhanced piezoelectric 
response of the device. 
Auxetic foam and honeycomb filters can solve a major problem associated with conventional 
filter materials. Fouling of a filter is caused by blockage of the filter pores by particulates, and this 
leads to a reduction in filtration efficiency.  
 
 
 
 
It is difficult to clean a conventional filter by mechanically stretching the material since the pores 
of a non-auxetic filter open up in the stretching direction but close up in the lateral direction (Figure 
2-46). The blocking particle cannot, therefore, pass through the filter and so the filter itself cannot 
be cleaned (Alderson, et al., 2000). Auxetic filters, on the other hand, display enhanced potential for 
cleaning fouled filters by opening up the pores of the filter in response to an applied external tensile 
uniaxial load or displacement.  
Figure 2-45 Response of non-auxetic and auxetic ‘anchors’ under axial tension 
(Simkins, et al., 2005; Alderson & Alderson, 2007) . 
(a) (b) (c) 
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In this case, the pores open up along and transverse to the direction of the applied load and 
remove the entrained particulates blocking the filter. Filter de-fouling has been demonstrated to be 
enhanced as the magnitude of the negative Poisson’s ratio increases. By analogy with host-guest 
systems where the porous host contains guest drug molecules, it has been suggested that auxetic 
materials could be used in devices for the controlled delivery of drugs and other active 
pharmaceutical ingredients (e.g. Figure 4-20). 
Opthalmic devices have been proposed which exploit the double curvature characteristic of 
auxetic materials (Shadduck, 2005).  
2.10 Auxetic foams 
Auxetic foams are relatively easy to make and can be made in different shapes and sizes. They 
are, then, a good choice for investigating the potential of auxetic materials in the hip protector and 
spinal disc medical device applications. Hence, this section will consider in more detail the literature 
relating to auxetic foams. 
Foams with negative Poisson's ratios can be produced from a variety of conventional foam 
materials, including thermoplastic foams such as polyurethane foams (Lakes, 1987; Choi & Lakes, 
1992), thermoset silicone rubber foam (Friis, et al., 1988) and metallic foams based on copper and 
aluminium (Lakes, 1987; Choi & Lakes, 1992).  
The methods of producing the above variety of foams all produce foams having a re-entrant 
cell structure responsible for producing a negative Poisson's ratio. Various features of the re-entrant 
cell shape, and the resultant foam mechanical properties, can be controlled by the processing 
techniques. In the following the fabrication and testing of auxetic foams is reviewed.  
 
Figure 2-46 Schematic of particulate de-fouling capabilities of non-auxetic and 
auxetic materials (Alderson & Alderson, 2005). 
  49 
2.10.1 Fabrication and mechanical test methods for auxetic foams 
In 1987, Lakes converted open cell polymeric foam into an auxetic foam with a Poisson's ratio 
of -0.7, and the developed fabrication method involved four stages (compression, heating, cooling 
and relaxation) for making a small auxetic foam specimen of dimensions: 22mm x 22mm x 125mm 
(Lakes, 1987).  
A discussion on fabricating auxetic thermoplastic open-cell foam has been given by Lakes and 
co-workers (Friis, et al., 1988). According to their report, the re-entrant cell structure is obtained by 
triaxial compression at elevated temperature. The method involves compressing a foam block into a 
rectangular mould to reduce the volume of the foam by a factor of up to 3.4. The structure of the 
compressed foam is then 'set' by an appropriate thermal treatment, which in its most basic form 
comprises heating the compressed foam around its softening temperature for a period of time 
before cooling to below the softening temperature for a further period of time. The conventional 
starting foam has an open microstructure structure, while the structure of the converted auxetic 
foam has a denser re-entrant structure, as can be seen in Figure 2-47. Lakes' original method only 
works for small size specimens, typically having cross section dimensions of a few cm.  
 
 
2.10.1.1 The heating temperature 
The initial conversion of polyester foam from conventional to auxetic form was carried out at an 
oven temperature of 200°C (Friis, et al., 1988). However, it was not reported how or why this 
temperature was used.  
Yan Na Xin did attempt to investigate this (Chan & Evans, 1997). It was ascertained that the 
softening temperature of polyester urethane foam is around 180°C (i.e. at this temperature, the cell 
ribs started to collapse), the liquefaction temperature is 270°C, and the decomposition temperature 
is 300°C. Yan Na Xin suggested that the temperature should be about 5-20°C lower than the 
softening temperature in order to maximise stress relaxation and minimise cell rib adhesion. The 
conversion temperature used by Friis et al is slightly above the softening temperature of the foam. 
Hence the conversion works with an elevated temperature in the vicinity of the softening 
Figure 2-47 SEM micrographs of the foams (a) conventional 60 p.p.i. open cell 
polyether urethane conventional foam, (b) auxetic foam (Lakes, 1987). 
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temperature, which allows the foam structure to undergo rearrangement and which is then set by 
the lower temperature after heating. 
2.10.1.2 The heating time 
In addition to the heating temperature, the thermal conductivity of the foam, which determines 
how long the foam takes to reach its softening temperature, is another important factor which 
directly affects the auxetic foam conversion. 
Experiments have shown that if the heating time is too short, the foam cannot subsequently be 
'set', with the result that after it comes out of the mould the foam soon expands to its original size 
(Chan & Evans, 1997). If, on the other hand, the time for heating in the vicinity of the softening point 
is too long, the foam will melt and the cell ribs stick together to form a block of dense material. The 
correct heating time for the elevated temperature of the foam being converted is then a compromise 
between that required to maximise stress relaxation and that required to minimise sticking and 
structural collapse.  
2.10.2 Compression and fatigue test 
Chan et al. in 1999 reported that variation in the cell structure has an effect on the mechanical 
properties. During their study each specimen was subjected to an axial compression force and 
compressed at a constant cross-head speed of 2 mm/min. They found that changing the cell 
structure has a pronounced effect: a decrease in the average cell size is accompanied by an 
increase in the Young’s modulus and decrease in the critical collapse strain for the foam. 
Bezazi and Scarpa in 2006 reported a comparative analysis of the cyclic loading compressive 
behaviour of conventional and auxetic polyurethane foams. The specimens were tested with 
constant strain rate of 0.1 mm/s for static testing to 80% of the initial length. The specimens were 
also loaded in cyclic compression with a sinusoidal waveform in displacement control, and the effect 
of the load loss, stiffness degradation, and the evolution of dynamic rigidity and accumulation of 
energy was investigated for different loading levels (Bezazi & Scarpa, 2007). 
The fatigue behaviour was found to occur in two stages and also to depend on the loading 
level. The energy dissipated by the auxetic foams was significantly higher than conventional foams 
at every number of loading level and cycles. 
2.10.3 Fracture toughness 
Fracture behaviour of both conventional and re-entrant open cell metallic foam is brittle-like and 
occurs abruptly without necking in tension. (Gibson & Ashby, 1988; Choi & Lakes, 1992). When the 
stress at a crack tip is high enough in the cell edge or wall of a cellular solids structure, a local 
fracture occurs and the crack extends in a discrete way; each step advances the crack by one cell 
width (Maiti, et al., 1984). However, the crack extension can take place in two different ways, either 
through the bending failure of the non-vertical cell walls or edges (Figure 2-48(a)) or by fracture of 
the vertical elements under a combined tension and bending moment (Figure 2-48(b)). 
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Since the cells in conventional foams have a non-zero size, cracks in the material cannot be 
perfectly sharp. Compared with non-auxetic materials, auxetic materials also have other special and 
desirable mechanical properties. For example, if the material has a crack, when it is being pulled 
apart, it expands and closes up the crack. In other words, this type of material should possess more 
crack resistance to fracture (Ravirala, et al., 2005).  
 
2.11 Finite element analysis 
Studies into the effects of hip and intervertebral discs loading (i.e. gait forces and muscle 
forces) have been of interest for some time. Finite Element Analysis (FEA) is a powerful tool that 
enables the study of these loading effects more closely, where stress distributions are created in 
response to a specific loading scenario. The finite element method was used for the first time in 
orthopaedic biomechanics in 1972 to evaluate stresses in human bones (Brekelmans, et al., 1972). 
FEA has been used relatively widely in the modelling of hips, and in some cases incorporates 
experimental electromyography (EMG) data and uses strain gauge results for validation purposes. 
In this section some of the key studies of hip modelling are summarised.  
FEA can be faster and less expensive than mechanical testing, and can provide full-field stress 
data throughout a structure, compared to data at single surface points as would be obtained with 
strain gauges, or on the external surface of the structure as in photoelasticity. FE is particularly 
beneficial in pre-clinical analysis of biomechanical structures, where there is limited scope for 
experimentation by in-vivo or cadaveric in-vitro mechanical testing owing to high levels of subject 
variability, ethical constraints and cost. FE permits the comparative performance of a number of 
prosthesis designs to be investigated, and the full effects of surgical and patient variability to be 
predicted. 
Figure 2-48 Schematic of crack extension in a cellular solid; (a) through the 
bending failure mode of the non-vertical cell elements and (b) through the tensile 
fracture of the vertical cell elements (Maiti, et al., 1984). 
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Finite element models of humans date back to the late 1970’s (Chow & Odell, 1978). Since 
then, significant research has been conducted to achieve more accurate models of humans. In 
1991 Huiskes et al investigated the relationship between stress shielding and bone desorption 
around hip stems using FE modelling. The relationship between bone loss and implant flexibility 
shows significant changes in bone morphology. Their investigation established the reduction of 
stress shielding by using flexible stems. However it could increase the proximal interface stresses, 
and as a result of that may increase loosening rates because of interface debonding and 
micromotion. 
Therefore they investigated methods for establishing optimal stem design characteristics. The 
reduction of stresses relative to the natural situation can cause bone mass reductions of up to 50% 
after four to seven postoperative years (Galante, 1991). 
Turner et al investigated the effect of material flexibility on bone resorption, which was notably 
less after changing from titanium to a more flexible material. Bobyn et al reported similar results 
when they replaced the solid stem with more flexible hollow stems (Bobyn, et al., 1990). 
Bobyn et al, CT- scanned a proximal femur specimen corresponding to average shape and 
bone density. They used a 3D mesh constructed with 8-node isoperimetric brick elements, and 
assumed a prosthesis in to the mid-frontal plane was fully bonded. A density of ρ = 1.73 g/cm
3
 was 
identified from CT scanning. 
Subsequently the elastic moduli per element E (MPa) were determined from the apparent 
densities using E = cρ
2 
proposed by Carter and Heyes, where c is 3,790 MPag
-3
 cm
9
. It was 
assumed that cancellous and cortical bones are at continuous spectrum with linear elastic, isotropic 
properties and Poisson’s ratio of +0.35. For their simulation process the conservative formulation of 
strain-adaptive bone remodelling theory was used. In this theory it is assumed that bone reacts to a 
local difference between actual strain values in the bone with prosthesis and the strain values at the 
same location in the intact bone (Ruiskes, et al., 1987). 
3 different loading cases were considered and according to Carter et al loads were worked in 
the mid-frontal plane of the prosthesis. The mathematical description of the remodelling process is 
remodelling signal and represents the stimulus for strain-adaptive net bone remodelling. The signal 
average elastic energy per unit of mass can be expressed as           
                                             S =
1
n
∑ Ui ρ⁄
n
i=1                                               2-21 
Ui is the strain energy density (SED) in the bone for loading case i, n is the number of loading 
cases considered, and ρ is the apparent density. The objective of the net bone-remodelling process 
can then be described as: 
                                             S − Sref = 0                                                  2-22 
where 𝑆𝑟𝑒𝑓 is the signal value in the intact bone, at the same location and S is measured in the 
bone prosthesis for the same loading. 
When the initial stimulus is positive, bone formation will start, and when it is negative it 
represents the extent of stress shielding and resorptions (Carter, et al., 1989). 
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2.11.1 Aspects to be considered in FE analyses of cementless THR 
In cementless THR design, a number of factors such as the material properties of the bone and 
implant, interface conditions, mesh elements and mesh refinement, boundary conditions, and the 
inclusion of muscle forces may need to be considered. There are numerous studies to investigate 
the influence of these important parameters, and these are discussed in the following. 
2.11.1.1 Material properties  
The choice of material properties is very important in terms of approximating the material 
considered in the simulation. The implant may be modelled with sufficient accuracy as a linear, 
homogeneous and isotropic material. It is more complex when material properties are assigned to 
the bone and natural tissues. This process is complicated further when the conditions at the 
interface between bone and implant are also considered. Therefore in some studies several 
simplifications about the material properties of the model have been made (Chang, et al., 2001; 
Ramos & Simoes, 2006).  
Bone is non-linear, heterogeneous and anisotropic. However, for simplicity, bone, such as 
cancellous bone, has commonly been assumed to be homogeneous.  
Different Young’s moduli and Poisson’s ratios have been reported. For example, Walker et.al in 
2000 used Young’s moduli and Poisson’s ratios in three orthogonal directions for cortical bone as 
follows: E1 = 20 GPa, E2 = 13.4 GPa, E3 = 12 GPa and ν1 = 0.24, ν2 = 0.22, ν3 = 0.38. The material 
was treated as isotropic for cancellous bone with E = 1 GPa and ν = 0.3 (Walker, et al., 2000).  
2.11.1.2 Mesh element type and size 
For meshing the finite element model there are no specific criteria to follow and the decision for 
selecting the suitable element type and size should be made by the user. Clearly, using a coarser 
mesh reduces both running time and accuracy compared to a finer mesh. Tetrahedral elements are 
typically used to provide high quality meshes due to their specific shape and because it is 
straightforward to generate them automatically within FEA software (Chang, et al., 2001; Stolk, et 
al., 1998).   
Stolk et al. 1998 assessed the effect of the mesh density in THR models of both bonded and 
debonded cemented hip implants. They found that the bonded case was not sensitive to mesh 
density; whereas for the unbonded cases interface stresses were found to be very sensitive to 
mesh density which can, therefore, lead to a high level of uncertainty. 
Romos and Simoes in 2006 compared two different very common element types on femur 
geometries. Convergence tests with hexahedral (8 and 20 node bricks) and tetrahedral (4 and 10 
node tetrahedrons) elements were performed by comparing von-Mises stresses and principal 
strains at a selected point of the femur. They also compared the result with the theoretical von-
Mises stress distribution and they concluded for a simplified femur that the result from tetrahedral 
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elements is close to the theoretical result, but hexahedral elements seemed to be more stable and 
less influenced by the degree of refinement of the mesh (Ramos & Simoes, 2006). 
2.11.1.3 Modelling the interface between bone and implant 
The bone and implant interface includes elements from both sides which are not always 
connected to each other, and another element type is then required to achieve load transfer across 
the interface. This is more important when an uncemented implant is used since the major concern 
is formation of a fibrous interface between the bone and implant. Loosening of the prosthesis can 
be caused not only by wear particles in bone osteolysis (Goodman, 1994; Pioletti, et al., 1999) but 
also by the fibrous tissue formation process. Aspenberg et al. suggested fibrous tissue formation is 
more of a concern (Aspenberg & Herbertsson, 1996).    
There are different approaches for modelling the interface between bone and implant. Some 
researchers have adopted a series of bone-implant contact pair parameters and specific material 
properties (Fernandes, et al., 2002; Goodman, 1994), whereas others have tried to develop laws for 
modelling the dynamic behaviour of the tissues surrounding the implant (Nuno & Amabili, 2002; 
Keaveny & Bartel, 1995; Stulpner, et al., 1997). Finite element software provides a set of multiple 
parameters to define the non-linear behaviour at the contact surfaces between two bodies. 
Depending on the materials of the component, parameters such as contact element type are 
selected. Contact elements can be node-to-node, node-to-surface and surface-to-surface. For large 
interfaces, such as the bone-implant interface in hip replacement, either node-to-surface or surface-
to-surface are more accurate (Viceconti, et al., 2000; Mann, et al., 1995). 
Bernakiewicz et al. in 2000 studied the sensitivity of finite element results to parameters such 
as contact stiffness and convergence tolerance, and found that these parameters played an 
important role in the accuracy of the results (Bernakiewicz & Viceconti, 2001). 
2.11.1.4 Applying boundary conditions such as muscle loads and 
constraints 
After specifying material properties and mesh elements, boundary conditions need to be 
applied to the model. In the case of hip replacement simulation it is usual to apply the load to the 
centre of the femur head. There are different scenarios for applying load on the implant. Loads can 
be considered under normal walking, fast walking, downstairs walking, stair climbing and so on. 
Parameters for boundary conditions were measured by Bergmann et al. in 2001 for a variety of 
such activities (Bergmann, et al., 2001). 
Including muscle action is important when building a 3D model of the femur. Duda et al. 
performed FE modelling for all the thigh muscle forces, body weight and contact forces at the hip 
and knee joint (Duda, et al., 1997). They showed up to 50% reduction in the internal loads for most 
possible loading conditions compared to the case in which no muscle action was considered. The 
same result was demonstrated by Cristofolini et al., who used a custom-made jig of nylon straps on 
the surface of the femur to simulate the hip contact and muscle forces experimentally (Cristofolini, 
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et al., 1995). Abductor muscles have the highest influence of all the muscles acting in the femur 
(Stolk, et al., 2001). 
Constrained rigid body motion is essential and has direct consequences on any FE analysis 
results. A common criterion is to constrain at least 6 degrees of freedom (DOFs) at nodes in the mid 
diaphysis (Ramos & Simoes, 2006; Easly, et al., 2007) or to constrain nodes on the distal condyles 
(Polgar, et al., 2003; Taylor, et al., 1995).  
2.11.1.5 Data post processing 
Post processing is the section of FE modelling to assess the state of the model after the 
simulation has been performed. Performance indicators are parameters that represent the 
behaviour of the construct and some of the most common are stress and strain. Modelling living 
materials like bone is more complicated compared to non-living materials as it adapts to the 
external conditions and produces uniform strains in response to the loads (Tumer, et al., 1997). 
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3. Materials and experimental methods 
  
 
 
 
Summary 
 
This chapter provides details of the experimental foam studies. The materials and fabrication 
methods used in the production of conventional, auxetic and coaxial radially-gradient foams are 
described along with details of the compression, tensile, and indentation mechanical properties 
characterisation of the produced foams.  
Six different types of indenter have been designed and used in this study for investigating and 
comparing the indentation resistance of converted and unconverted polyurethane foam for 
assessment within the context guided by possible application in hip protector devices. 
Radially gradient foams were developed and produced for the first time in this study and 
investigated writhing the context of possible application in intervertebral disc implant devices. 
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3.1 Uniform auxetic polymeric foams 
The foam conversion process was based on the original thermo-mechanical method published 
by Lakes and co-workers (Friis, et al., 1988). The starting (unconverted) conventional foams used in 
this work are listed in Table 3-1.  
 
Table 3-1 Foam materials used in this study. Note: ppi means pores per inch. 
Type Colour Shape Designated Number of ppi Density (Kg/m
3
) 
Low density  
Polyurethane 
Gray Cylindrical R45FR 42-45 26-32 
Low density 
Polyurethane 
Gray Rectangular R45FR 42-45 26-32 
 
3.1.1 General fabrication procedure for thin and thick auxetic polymeric 
foams 
All the foam specimens used in this work were cut to size using an Axminster saw. This 
enabled accurate rectangular blocks to be cut with smooth faces. As a result of these foams being 
flexible and having a very low Young's modulus they can easily be squeezed into a small mould to 
achieve a 3-dimensional compression. The starting point for the investigation was the method 
published by (Friis, et al., 1988), and the actual conversion process is described below. 
A Leader oven was pre-heated to 190°C. Next, cylindrical and cuboidal hollow, metal tubes 
were used as moulds for the foam specimens which were cut to the same shape but larger 
dimensions than the moulds Figure 3-1. The dimensions of the starting foams and metallic moulds 
are given in Table 3-2.  
Inserting the foam with larger dimension into the mould is a critical part of auxetic foam 
fabrication. The inner walls of the mould were treated with Silicone oil AP 100 to aid with the 
insertion of the foam into the mould. The foam was inserted into the mould with the aid of a 
handmade tool designed specifically to help eliminate surface wrinkles and to ensure similar and 
equal amount of applied compression in all transverse and longitudinal directions Figure 3-2. The 
larger size foam was covered by a number of thin and long rods of the device and, after adjusting 
the length of the foam by pushing the two ends toward the centre of the foam to maintain the 
required elongated length, the foam was then contracted by compressing the tail of the rods toward 
the centre as the foam and insertion tool were inserted into the mould. The insertion tool was then 
extracted, leaving just the foam in the mould.  
Two metal end-plates were then used to block up the ends of the mould using a clamp, so that 
the foam was compressed in the third, longitudinal direction. 
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    Table 3-2 Dimensions of unconverted foams and metallic moulds. 
Dimensions 
(mm) 
Thin Size Thick Size 
Square Cylindrical Square Cylindrical 
Foam Mould Foam Mould Foam Mould Foam Mould 
Height 100 75 155 100 100 65 80 54 
Length 34 23 - - 100 67 - - 
Width 34 23 - - 100 67 - - 
Diameter - - 30 22 - - 80 53 
Wall thickness - 1.3 - 1.5 - 4 - 3.5 
 
The mould containing the compressed foam was then placed in the oven at 190°C for 20 
minutes for the small size foam specimens and 50 minutes for the large size foam specimens to 
'set' the new configuration. The mould was then removed from the oven and the foam was taken out 
of the mould by hand and stretched gently in each of the three directions twice at room temperature 
to avoid adhesion of the cell ribs. The foam was reinserted into the mould and placed back into the 
oven at 190°C for another 20 minutes for both thick and thin samples. The process was repeated 
for a second time but with the oven temperature reduced to 100°C and for a heating time of just 10 
minutes, which is the final step of the foam manufacturing process. The temperature-time profiles 
are shown schematically for the thin and thick samples in Figure 3-3 and Figure 3-4, respectively. 
 
Figure 3-2 Tool for inserting compacted foam into the mould. 
Figure 3-1 Cylindrical and Square foams with their respective compression 
moulds. 
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3.2 Coaxial foam fabrication 
To achieve a one-piece radially-gradient foam structure, non-uniform linear compression 
regimes were introduced into the thermo-mechanical foam conversion process. This required the 
Figure 3-3 Heating temperature and time profile for manufacturing thin auxetic foam. 
Figure 3-4 Heating temperature and time profile for manufacturing thick auxetic foam. 
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design and development of a new compression mould to achieve the desired gradient foam 
structure. 
The new designed mould used to manufacture the radially-gradient co-axial foams is shown 
schematically in Figure 3-5, consisting of 3 different elements: a main cylindrical body (A) of length 
100mm, internal diameter 54mm and wall thickness 3mm; two end tabs (B) of diameter 54mm; and 
18 skewers (C) of length 150mm and diameter 1.5mm. The end tabs each contained an inner ring 
(diameter of 30mm) of 18 holes through which the skewers could be inserted. The unconverted 
foams were in cylinder form having axial length h and radius r (Figure 3-6 (a)). An internal radius rc 
(<r) on each end of the foam describes a circle through which the skewers were inserted, thus 
defining coaxial inner ‘core’ (radius rc) and outer ‘sheath’ (radial thickness rs = r - rc) regions of the 
foam.                         
 
Low-density PU foam (Custom Foams, designated by R45FR, 45 pores in
-1
, density 26–32 kg. 
m
-3
) was used in this investigation. Two types of radially-gradient co-axial foams were produced, the 
first (Radial A) in which the aim was to achieve modification of the structure and properties mostly in 
the sheath region, and the second (Radial B) with most modification in the core region. To achieve 
this, unconverted foam cylinders   were cut to the bulk dimensions (h and r) shown in Table 3-3.  
In both cases, the length of the unconverted foam was 100mm, matching the length of the 
mould. To produce the Radial A foam, the end tabs were fitted to the unconverted foam (radius r = 
33mm).The skewers were inserted into the foam through the holes on the end tabs, thus ensuring rc 
~ 15mm and rs ~ 18mm throughout the length of the unconverted foam (Figure 3-6 (b)). Upon 
insertion of the foam-end tab assembly into the cylindrical mould (A), Figure 3-6 (c), the skewers 
remained located on a circle at a fixed radius of 15mm and the radius of the inserted foam became 
that of the internal radius of the mould (r = 27mm). The aim was for the skewers to constrain the 
core region of the foam to minimise radial compression upon inserting the foam into the mould (i.e. 
rc ~ 15mm before and after insertion), with the reduction in r upon insertion being achieved by 
reducing the radial thickness of the sheath region of foam (from rs ~ 18mm to ~ 12mm, i.e. a radial 
linear compression ratio of 0.67). A clamp was then used to compress the foam to a final length of 
70mm, corresponding to an axial linear compression ratio of 0.7 prior to heating.  
Figure 3-5 Compression mould for the production of coaxial radially-gradient foam. 
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                    Table 3-3 Dimensions of unconverted and converted coaxial foams. 
 
 
 
 
 
 
 
 
 
 
In the case of the Radial B foam, the skewers were inserted into the unconverted foam (radius r 
= 34.5mm) through holes arranged equidistantly around the circumference of a circle of radius 
22.5mm in a mask located at each end of the foam, thus ensuring rc ~ 22.5mm and rs ~ 12mm 
throughout the length of the unconverted foam prior to end-tabbing. The masks were then removed 
and the end tabs were fitted to the skewered unconverted foam by locating the ends of the skewers 
through the holes in the end tabs. Insertion of the skewers into the end tabs caused the skewers to 
be arranged around a circle of reduced radius (from rc ~ 22.5mm to ~ 15mm) throughout the length 
of the foam, with a reduced foam unconverted radius of r ~ 27mm. The aim was for the skewers to 
induce radial compression of the core region (radial linear compression ratio of 15/22.5 = 0.67) 
upon fitting of the end tabs, whilst maintaining essentially zero radial compression in the sheath 
region (i.e. rs ~ 12mm before and after end-tabbing). Insertion of the end-tabbed unconverted foam 
into the cylindrical mould (A) caused minimal further radial compression since the radius of the end-
tabbed foam prior to insertion was equal to the internal radius of the mould itself. A clamp was then 
used to compress the foam to a final length of 70mm (axial linear compression ratio of 0.7) prior to 
heating. 
For both Radial A and Radial B foams, the mould containing the foam was placed in an oven at 
a temperature of 190C for 60 minutes. A single elevated temperature at long time was used due to 
the thickness of the foam and also the thickness of the wall of the mould Table 3-3. The foam was 
then removed and relaxed to avoid adhesion of the ribs and to minimise surface creasing. The foam 
was then reinserted into the mould after removing the skewers and returned to the oven at a 
temperature of 100C for a further 10 minutes. The temperature-time profile is shown schematically 
for the radially-gradient foam samples in Figure 3-7. 
Dimension 
Radial A Radial B 
Unconverted Converted Unconverted Converted 
h (mm) 100 70 100 70 
r (mm) 33 27 34.5 27 
rc (mm) 15 15 (notional) 22.5 15 (notional) 
rs(mm) 18 12 (notional) 12 12 (notional) 
Figure 3-6 (a) Radially-gradient foam dimensions, (b) end tabbed and skewered 
foam, (c) foam in mould with compression applied. 
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Test pieces having dimensions of 70 x 54 x 15 mm for tomography and mechanical testing 
were cut from the longitudinal-radial mid-plane of the converted cylinders, with the first two 
dimensions determined by the length and diameter, respectively, of the converted cylindrical foam 
(Figure 3-8 and Figure 3-9).  
Unconverted foam test pieces, having the same dimensions as the coaxial foam specimens, 
were produced as control samples for testing. Samples were also cut from the core and sheath 
regions of the Radial A and Radial B foams, and then gold coated prior to scanning electron 
microscopy (SEM) of the samples carried out in a Hitachi S 4700 SEM, employing a beam voltage 
of 15kV. Images were taken at a magnification of x50.  
 
  
 
Figure 3-7 Heating temperature and time profile for manufacturing coaxial foam. 
Figure 3-8 Diametral slice of Radial A foam used for mechanical 
testing and x-ray micro tomography. 
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3.3 Mechanical properties characterization 
3.3.1 Uniform foams – compression testing 
Mechanical properties characterization of the starting and converted foams was carried out 
using a MESSPHYSIK ME46-NG video extensometer to measure the axial and transverse strains in 
test specimens undergoing uniaxial compression in an Intron 3369 testing machine fitted with a 
100N load cell. Figure 3-10 shows the video extensometer and mechanical testing machine set up, 
and the compression test is shown schematically in Figure 3-11. Tests were carried out at a cross 
head speed of 2 mm/min. The specimens were tested three times for each foam type. 
 
 
 
 
 
 
Figure 3-9 Diametral slice of Radial B foam used for mechanical 
testing and x-ray micro tomography. 
Figure 3-10 Videoxtensometer and tensile testing machine set-up employed to 
determine the Poisson’s ratios and Young’s moduli of the foams. 
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Optical micrographs were obtained using a Nikon-Alphaphot-2 YS2-H optical transmission 
microscope. Image capture was performed using a Hitachi VK-C150E video link at a magnification 
of 10 X.  
The foam sample was placed between the parallel compression plates of the machine. At 
various increments of displacement, force, P, the change in length, ∆l, for the specimen with an 
initial gauge length, l0, was recorded by the software, and the engineering stress was calculated by 
using: 
                                       𝜎 = 𝑃 𝐴0⁄                                                 3-1 
where: the stress, σ, is measured in N/m
2
, since the force, P, is measured in N and the initial 
cross-section area, A0, is in square metres. 
The compression force, P, also produces an axial reduction of the specimen. For the initial 
gauge length, l0, of the specimen, the stress is assumed to be uniformly distributed for all cross 
sections. It is also assumed that this uniform stress will produce a uniform reduction, Δl. With the 
uniform reduction assumed, the deformation is expressed by the engineering strain, ε. 
                                       𝜀 = ∆𝑙 𝑙0⁄                                                  3-2 
The engineering strain, ε, is dimensionless since the change in length, Δl, and the original 
gauge length, l0, are both expressed in mm. 
Within the linear elastic region Hooke's law can be considered valid, so that the average 
engineering stress is proportional to the average engineering strain, 
                                      
𝜎
𝜀
= 𝐸 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡                                     3-3                  
The constant of proportionality, E, is known as the modulus of linear elasticity or the Young's 
modulus. In this study tangent modulus was defined by the slope of the stress-strain curve for 
calculating the Young’s modulus. 
The width and length data corresponding to the extension and compression tests were 
converted to transverse and axial strains respectively, using the definition of true strain (𝑒) given by:                         
                                       𝑒𝑙 = 𝑙𝑛 (
𝑙
𝑙0
)                                               3-4 
Figure 3-11 Schematic compression testing set up for foam specimens. 
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where 𝑒𝑙 is the true strain and 𝑙 and 𝑙0 are the length and original length, respectively. These 
data were plotted against each other with the slope of the resulting graph being, by definition, equal 
to 𝜈𝑖𝑗 , where і is the direction of loading and j is the width direction. 
Poisson’s ratio is defined by the ratio of the transverse contraction strain to the longitudinal 
extension strain in a simple tension condition (Fung, 1968). 
                                       ν𝑖𝑗 = −
εii
εjj
                                                   3-5 
From Figure 3-12 it can be seen that there are two regions in the conventional foam stress-
strain curves. The initial linear portion of the curve, AB, is the linear elastic region in which Hooke's 
law is obeyed. Point B is the proportional limit, defined as the stress at which the stress-strain curve 
deviates from linearity. The slope of the stress-strain curve in this region (AB) is the modulus of 
elasticity (the Young's modulus in compression). The second region, from B to C, is described as 
the elastic collapse region. In this region, cells of the foam undergo an elastic collapse and the 
stress is almost constant with the strain. If the test was carried out up to the 0.2 strain the third 
region would be expected to be the elastic densification region (CD). Elastic densification begins 
when the cell ribs of the foam start to touch each other and the foam density increases, becoming 
more like a solid. As the densification increases, the foam becomes stiffer (strain hardening) so that 
the load required to compress the specimen increases with further strain. Eventually, the load 
reaches a maximum value when the foam is fully deformed. For flexible polymer foams, such as the 
polyurethane foams used in this study, the specimen soon begins to recover once the load has 
been removed. As a result; the foam may not have any permanent deformation even after having 
been fully compressed. 
To determine experimentally the Young’s modulus of the foams, the stress – strain curve 
similar to Figure 3-12 was produced to identify the limit of proportionality in an initial compression 
test.  
 
 
 
Figure 3-12 Stress- strain curve of conventional cylindrical foam. 
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Uniform foam samples were named based on the intended Poisson’s ratio response due to the 
foam conversion process, shape and size, as shown in Table 3-4. Foam specimens were cut to the 
dimensions shown in Table 3-5 and Table 3-6. For thin and thick size foam specimens, respectively, 
with an error of ± 0.5 mm. Two pins were inserted into the foam specimens over a 20 mm gauge 
length for thin size foam and 40 mm gauge length for thick size foam in both sides of the gauge 
section. Care was taken to ensure that the pins were pushed straight through perpendicular to the 
specimen (Figure 3-13). The orientation of the height, length and width of the foam specimens with 
respect to the global Cartesian coordinate system is shown in Figure 3-14. During the foaming 
process the layer of polymer expands anisotropically, predominantly along a direction normal to its 
mid-plane which is called the rise direction. Anisotropy in the cell structure may lead to differences 
in the mechanical properties of foams when loaded in different directions, and so tests were 
performed for specimens loaded in each principal direction in this work. The rise direction was 
always aligned along the H dimension and loading direction changed depending on the x, y and z 
direction of loading. 
 
 
 
 
 
 
 
Figure 3-13 Example of foam with pins pushed through for videoextensometry. 
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Table 3-4 Symbols used to define each particular foam specimen. 
 
 
 
 
 
 
               
 
             
 
            
                 Table 3-5 Dimensions and area of thin size foam specimens. 
Foam ACS ASS CCS CSS 
Height  (mm) 36 36 28 37 
Length (mm) - 22 - 22 
Width   (mm) - 22 - 22 
Diameter (mm) 20 - 30 - 
Slenderness 8.72 13.44 25.24 13.08 
Areazy (mm
2
) 314 484 462 484 
Areazx (mm
2
) 486 484 462 814 
Areayz (mm
2
) 486 792 462 484 
Areayx (mm
2
) 486 792 706 814 
Areaxy (mm
2
) 314 792 706 814 
Areaxz (mm
2
) 486 792 462 814 
                          
 
Explanation of foam Symbol 
Conventional Cylindrical polyurethane foam in thin (Small) size C C S 
Conventional Square polyurethane foam in thin (Small) size C S S 
Auxetic Cylindrical polyurethane foam in thin (Small) size A C S 
Auxetic Square polyurethane foam in thin (Small) size A S S 
Conventional Cylindrical polyurethane foam in  thick (Large) size C C L 
Conventional Square polyurethane foam in  thick (Large) size C S L 
Auxetic Cylindrical polyurethane foam in  thick (Large) size A C L 
Auxetic Square polyurethane foam in thick (Large) size A S L 
Coaxial polyurethane foam with conventional Core and auxetic Shell Radial A 
Coaxial polyurethane foam with auxetic Core and conventional Shell Radial B 
Figure 3-14 Foam dimensions, rise direction and coordinate system 
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                  Table 3-6 Dimensions and area of thick size foam specimens. 
Foam ACL ASL CCL CSL 
Height  (mm) 54 65 52 55 
Length (mm) - 65 - 65 
Width   (mm) - 65 - 65 
Diameter (mm) 52 - 58 - 
Slenderness 39.32 65 50.80 76.81 
Areazy (mm 
2
) 1080 4225 1560 3575 
Areazx (mm 
2
) 2123 4225 2642 3575 
Areayz (mm 
2
) 1080 4225 1560 4225 
Areayx (mm 
2
) 2123 4225 2642 4225 
Areaxy (mm 
2
) 2123 4225 2642 3575 
Areaxz (mm 
2
) 2123 4225 2642 3575 
 
 
An investigation into the effect of the specimen geometry was carried out. The base area of the 
samples, L×W, was varied from 314 mm
2
 to 4225 mm
2
, and the height H, of the samples was varied 
from 28 mm to 65 mm. The slenderness (base area/height) of the foam samples was varied from 
8.72 to 76.81.  
In Table 3-7 the density of each specimen is calculated, and the ratio of the densities of the 
auxetic and conventional foam for any given shape and size has been defined as the density factor. 
The density factor will be used to account for the effects of density in the indentation test results. 
 
      Table 3-7 Volume, mass and density of thin and thick auxetic and non-auxetic foam 
Foam Volume (cm
3
) mass (gm) Density gm/cm
3
 Density Factor 
CCS 19.79 0.56 0.02865 3.90 
ACS 11.30 1.26 0.11189 - 
CSS 17.90 0.51 0.02865 3.72 
ASS 17.42 1.86 0.10680 - 
CCL 137.38 4.35 0.03167 3.83 
ACL 114.68 13.91 0.12134 - 
CSL 232.37 7.35 0.03164 3.51 
ASL 274.62 30.58 0.11135 - 
 
3.3.2 Uniform foams - tensile testing 
Tensile testing was performed on specimens having cross sectional area as for the 
compression test but with length increased to 100mm, of which 70 mm was between the upper and 
lower clamps and 30 mm was used in the attachment to the grips. Tensile testing was performed 
using an Inston 3369 mechanical testing machine at a displacement rate of 2mm/min, on CCS, ACS 
specimens having length of 70mm and diameter of 30mm and 20mm, respectively, and CSS, ASS 
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specimens having cross section dimension of (23×23mm) and 70mm length.  A schematic set up 
for tensile testing is shown Figure 3-15. 
 
 
3.3.3 Uniform foams - indentation testing 
In engineering terms the indentation resilience or the hardness of a material is a measure of its 
resistance to local indentation. The Ball Indentation Test has been used for many years to measure 
the hardness of metals, rubbers, foams and other materials. Foams are widely used for packaging 
and protection, and usually the packaged object has corners. Therefore, the local indentation 
resistance is an important mechanical property of foams. 
The indentation resilience of the uniform conventional and auxetic open-cell polymer foams 
was investigated. A range of different steel indenters were used (Table 3-8). In each case the 
indenter was compressed into the rectangular or cylindrical foam sample, firstly in the foam rise 
direction, using an Inston 3369 mechanical testing machine, at a cross head speed of 2 mm/min, as 
shown schematically for the cylindrical indenter in Figure 3-16. The load-deflection response was 
recorded by the Instron software.  
 
 
Figure 3-15 Schematic diagram of the tensile test, for loading along the z direction. 
Figure 3-16 Schematic diagram of the indentation test, for loading along the z direction. 
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The specimen regained its original dimensions once the load was removed. The indentation 
test in the rise direction was repeated for two further times. Then, each face of the specimen was 
tested in the same manner 3 times. After testing all 6 faces of the foam specimen, the process was 
repeated for each of the other steel indenters on the same test specimen so that the indentation 
load-displacement curves were recorded for all 6 different indenters. The main reason for using 
different indenter shapes is to cover a range of possible curved and sharp edges which may contact 
foams when they are used as hip protectors. 
 
Table 3-8 Shapes and dimensions of the 6 indenters used in this study. 
Flat Indenter Diagonal Indenter Sharp point Indenter 
D= 13mm - D= 13mm α = 45
o
 D = 13mm H = 24mm 
 
  
 
Point Indenter Ball Indenter Cylindrical Indenter 
D=9.92mm R=2.89mm D = 12mm R= 5.52mm D=20.20mm R = 3mm 
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3.3.4 Coaxial foams – tensile testing 
Videoextensometry measurements were carried out using a MESSPHYSIK ME46-NG video 
extensometer with dot matrix x-y strain mapping capability to measure local strains of the test 
specimen undergoing tensile testing in an Instron 3369 mechanical testing machine fitted with a 100 
N load cell. Tests were performed at a displacement rate of 2 mm/min.  
Cardboard end-tabs were glued to the ends of each foam specimen to allow clamping in the 
jaws of the mechanical testing machine. Pins with bright round heads were used to create dot 
arrays on the Radial A, Radial B and Control B foams, with the arrays comprising of 3 rows in each 
of the core and two sheath regions Figure 3-17. 
The field-of-view x and y coordinates of each dot were recorded throughout the duration of the 
tensile test, with x corresponding to the axial (loading) direction and y the transverse or radial 
direction. The coaxial foam dot array, therefore, comprised sequential groups of dots along the 
length and lateral direction of the foam, with each group arranged in a diamond configuration (e.g. 
group ABCD in Figure 3-17). Adjacent dots in the middle row of each group were used to give the 
local axial true strain (𝜀𝑥) and local x coordinate (x), and opposing dot pairs in the top and bottom 
row were used to give the local transverse true strain (𝜀𝑦) and local y coordinate (y).  
 
Groups of dots defining a local square region were also used for strain measurements in the 
coaxial foams. For example, for the ADEF group of dots in a square configuration in Figure 3-17, 
the local group coordinates and strains were evaluated using: 
                                 𝑥 =
𝑥𝐴
0 + 𝑥𝐷
0 +𝑥𝐸
0+𝑥𝐹 
0
4
                                                  3-6 
                                 𝑦 =
𝑥𝐴
0 +𝑥𝐷
0 +𝑥𝐸
0+𝑥𝐹
0
4
                                                   3-7                          
                                 𝜀𝑥 =  𝑙𝑛
(𝑥𝐸
𝑖 +𝑥𝐹
𝑖 −𝑥𝐴
𝑖 −𝑥𝐷
𝑖 )
(𝑥𝐸
0+𝑥𝐹
0−𝑥𝐴
0 −𝑥𝐷
0 )
                                           3-8                               
                                 𝜀𝑦 =  𝑙𝑛
(𝑦𝐷
𝑖 +𝑦𝐹
𝑖 −𝑦𝐴
𝑖 −𝑦𝐸
𝑖 )
(𝑦𝐷
0 +𝑦𝐹
0−𝑦𝐴
0−𝑦𝐸
0)
                                           3-9 
Figure 3-17 Radial A (diametral slice) test sample with dot array (pins) for strain 
mapping; x corresponds to the axial (loading) direction. 
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where 𝑥𝐴 is the x coordinate for point A, 𝑦𝐴 the y coordinate for points A, and the superscripts 0 
and i correspond to initial and instantaneous values, respectively. Similar expressions were used for 
the local coordinates and strains for groups of dots in diamond configurations. 
The pin locations shown in Figure 3-17 and coordinate averaging expressions for the coaxial 
foams ensured that strain mapping was confined to a region of approximately half the axial length of 
the foam, located in the middle of the foam, since the low aspect ratio of the diametral test pieces is 
expected to significantly modify the stress-strain response towards the edges.  
Global strains were evaluated for the control and coaxial foams from the average strains 
determined using expressions from opposing pairs of pins in the outermost columns or rows (e.g. 
left and right columns and upper and lower rows for the global strains in the x and y directions, 
respectively, in Figure 3-17.  
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4. Results and discussion of converted and unconverted foams 
 
 
 
 
Summary 
 
This chapter contains the results of the microscopy, and compression and tensile testing of 
uniform unconverted and converted foams. In order to assess the potential for auxetic materials in a 
hip protector application, results are also presented from indentation tests using the six different 
indenters to determine the effect of indenter shape on the impact response of auxetic and non 
auxetic foams. 
In the second part of this chapter results are presented for the two radially-gradient foams for 
potential application within spinal disc implant devices. Each foam is shown to display similar global 
negative axial Poisson’s ratio response but with markedly different local axial Poisson’s ratio and 
local axial Young’s modulus behaviours. The production of radially-gradient foams having a coaxial 
core-sheath structure is thus reported for the first time. One of the radially-gradient foams displays a 
positive Poisson’s ratio core and an auxetic sheath and is shown to be derived from conventional 
and higher density re-entrant open cell pore structures, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Cylindrical 
Diagonal 
Sharp point 
Point 
Ball 
Flat 
Conventional foam 
Indentation test 
Tomography 
Tensile test 
Strain mapping 
Chapter 4 
Results and discussion of foams 
Auxetic foam 
Coaxial foams  
Compression test 
Tensile test 
Radial A  
Radial B  
  74 
4.1 Uniform foams 
Following presentation of the microscopy results, the mechanical properties of the foams are 
divided into two parts: the directional strain-dependent elastic properties of the foams, in tension 
and compression, followed by the elastic resilience and, energy absorption of the foams from the 
indentation tests. 
4.1.1 Optical microscopy 
Optical micrographs were obtained to investigate foam structure and to identify the rise 
direction (z) of the starting foams, characterised by the direction in which the pores are elongated 
slightly during the foaming process.  
Some examples of optical micrographs of the uniform foams are shown in Figure 4-1. The 
optical micrographs also show the effect of the tri-axial compression conversion at linear 
compression ratios of 0.7 on the polyurethane foam viewed perpendicular to the x, y and z 
directions. A crumpling of the pores after the tri-axial compression during processing is evident in all 
three planes, and is consistent with the typical structure known for foams displaying auxetic 
properties following similar conversion processes in previous studies. 
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Figure 4-1 Micrographs of unconverted and converted foams. 
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4.1.2 Mechanical properties 
With reference to the cube and coordinate system defined in, Figure 4-2  zx_front identifies the 
face in the x-z plane located at the front of the cube, with the load applied in the z direction 
(corresponding to the first letter). The second face in the x-z plane (located at the back of the cube 
as shown in Figure 4-2) under the same loading condition is identified by zx_back. Alternatively, if 
the load was applied in the x direction then the face/load identifiers for these two faces are xz_front 
and xz_back, respectively. Similarly, for the faces in the y-z plane subject to loading along z the 
identifiers are zy_left and zy_right, and for the faces in the x-y plane under x-directed loading they 
are xy_top and xy_bottom, and so on. 
 
 
 
 
 
 
 
 
 
4.1.2.1 Compression testing 
4.1.2.1.1 Stress-strain response 
Figure 4-3 and Figure 4-4  show typical force vs axial displacement data for each of the 3 
loading directions on the same force-displacement plot for the CSL and ASL foams. There are 6 
curves for each type of foam, corresponding to defined convention for identifying loading direction 
and face viewed by video extensometer during the test. In other words, there are two stress-strain 
curves for each loading direction. It can be seen that there are different responses in the above 
converted and unconverted foam load-displacement diagrams and these are similar to the findings 
in the Chan and Evans compression study on foam (Chan & Evans, 1998) - Figure 4-5. The 
hysteresis loops defined between the loading and unloading phases in the compression tests are 
considered later in the investigation of energy loss and absorption. 
Figure 4-6 and Figure 4-7show the subsequently derived stress-strain data, using Equations 3-
1 and 3-2. Similar to the load-displacement data, there are two stress-strain curves for each loading 
direction in Figure 4-6 and Figure 4-7. The non-linear nature of the loading phase of the stress-
Figure 4-2 Sample coordinate system and load-face identification convention 
(loading along z direction shown) 
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strain curves for the CSL foam (Figure 4-6) is typical of the compressive behaviour for conventional 
open-cell foams (Anon., n.d.) and known for these types of foams. 
 
 
 
 
 
 
Figure 4-4 Typical force vs displacement data for the ASL foam under 
compressive uniaxial loading along each of the 3 major directions (indicated by 
first letter in key). 
Figure 4-3 Typical force vs displacement data for the CSL foam under compressive 
uniaxial loading along each of the 3 major directions (indicated by first letter in key). 
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The unconverted foam displays an initially linear response before entering a plateau (reduced 
tangent modulus) region. The converted foam, on the other hand, is characterised by an initial 
response of lower modulus than the unconverted foam, which then increases in modulus and 
exhibits linear behaviour at intermediate and high applied strain. The auxetic foam is, therefore, 
more resilient under uniaxial compression.  
 
 
 
 
 
 
 
Figure 4-5 The hysteresis loop for the 10 ppi open-cell (a) conventional polyether 
urethane foam, (b) auxetic polyether urethane foam. The foam was tested along the foam 
rise direction (Chan & Evans, 1998). 
Figure 4-6 Stress-strain curves for the CSL foam under compressive 
uniaxial loading along each of the 3 major directions (indicated by first 
letter in key). 
  79 
 
 
 
 
Considering the non-linear nature of the foams, the Young’s moduli were obtained for all the foams 
by using the slope of the stress against strain graph. Figure 4-8 provides an example of this for the 
zy data of the CSL foam. From the 6th order polynomial fit to the data, a Young’s modulus at zero 
strain in the z direction of the unconverted CSL foam was found to be 46.337 kPa. 
Figure 4-8 Stress-strain curve for CSL foam loaded along the z direction. 
Figure 4-7 Stress-strain curves for the ASL foam under compressive uniaxial 
loading along each of the 3 major directions (indicated by first letter in key). 
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The strain-dependent Young’s modulus data for the zy data of the CSL foam are shown as an 
example in Figure 4-9. 
Strain-dependent Young’s moduli (two curves for each loading direction) were determined in 
this way from 0% to 15% strain for the CSL (Figure 4-10), ASL (Figure 4-11), CSS (Figure 4-12) 
and ASS (Figure 4-13) foams. The conventional CSL foam moduli show an increase up to 2.5% 
strain (possibly associated with ‘settling in’ of the compression plates and foam during the initial 
stages of the test) and then decrease gradually to typically less than 10kPa at 15% strain.  
 
On the other hand, the ASL foam Young’s moduli increase with initial strain up to ~ 3% strain in 
the z direction and ~10% strain in the transverse directions, and then maintain the moduli at 
approximately constant values up to 15% strain.  
Figure 4-9 Strain-dependent Young’s modulus curve for CSL foam, loaded along the 
z direction. 
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Figure 4-10 Strain- dependent Young’s moduli of CSL foam. 
Figure 4-11 Strain- dependent Young’s moduli of ASL foam. 
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4.1.2.1.2 Transverse strain - axial strain response 
Figure 4-14 to Figure 4-17 show width and length νs time videoextensometry data for the 
unconverted (CSL) and converted (ASL) foams, respectively, subject to compression loading along 
the z direction. There are 1 length curve and 6 width curves, corresponding to the 5 individual 
transverse sections along the length (Ti (1) - Ti (5)) of the foam and their average (T).  The CSL 
foam displays the behaviour typical of materials possessing positive Poisson’s ratio behaviour, .i.e.  
Figure 4-12 Strain- dependent Young’s moduli of CSS foam. 
Figure 4-13 Strain- dependent Young’s moduli of ASS foam. 
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the sample undergoes width expansion (Figure 4-14) and length contraction (Figure 4-15) in 
response to axial compression. On the other hand the ASL foam displays a response characteristic 
of a negative Poisson’s ratio material: as the foam is compressed axially (Figure 4-17) it contracts in 
width (Figure 4-16).   
 
 
Figure 4-14 Videoextensometry transverse (y-direction) displacement vs 
time data from compression testing of the CSL foam in the z direction. 
Figure 4-15 Videoextensometry axial displacement vs time data from 
compression testing of the CSL foam in the z direction. 
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The transverse and axial displacement data were converted to true strains using Equation 3-4 
and the transverse (y)_ strain vs axial (z) strain data are shown by way of example in Figure 4-18 
and Figure 4-19 for the CSL and ASL foams, respectively.   
 
 
Figure 4-16 Videoextensometry transverse (y-direction) displacement vs 
time data from compression testing of the ASL foam in the z direction. 
Figure 4-17 Videoextensometry axial displacement vs time data from 
compression testing of the ASL foam in the z direction.  
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The slope of the data in Figure 4-18 and Figure 4-19 at a given strain corresponds to the 
negative of the value of Poisson’s ratio at that strain. Hence the zero strain values of Poisson’s ratio 
for the CSL and ASL foams, derived from polynomial fits to the average transverse strain vs axial 
strain data, are +0.38 and -0.18, respectively. The ASL foam (Figure 4-19) displays increased 
variability in the individual transverse strain responses than the CSL foam (Figure 4-18). This could 
possibly be attributed to the process of converting conventional to auxetic foams, and/or be due to 
Figure 4-18 Transverse strain (y direction) vs axial strain for the CSL foam 
loaded along the z direction. 
Figure 4-19 Transverse strain (y direction) vs axial strain for the converted 
ASL foam loaded along the z direction. 
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the more uniform foam structure in the unconverted foams than exists in the converted foams 
(Figure 4-1). 
Figure 4-20 and Figure 4-21 show the average and individual segment transverse strains vs 
loading strain along each of the x, y and z directions for the CSL and ASL foams, respectively. The 
top two plots in Figure 4-20 show the Poisson’s ratios in the x-y plane of the CSL display a distinct 
shoulder at a loading strain ≈ -0.05 and this shoulder is not as apparent in the other planes.  
In Figure 4-21 plots (a) and (b) show a distinct change in transverse strain trend from 
decreasing to increasing for the converted foam at axial strain of ~ -0.04. This change is not present 
in the other four plots which involve the rise direction (z) in the plane. The plots in Figure 4-20 and 
Figure 4-21 are, therefore, consistent with the transverse isotropy displayed in the foam 
microstructure and the symmetry of the foam conversion process. 
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Figure 4-20 Transverse strain vs axial strain data for the CSL foam: (a) εy vs εx; (b) εx vs εy; (c) 
εz vs εx; (d) εz vs εy; (e) εx vs εz; (f) εy vs εz. 
 
 
 
  
  
 
(a) (b) 
(c) (d) 
(e) (f) 
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Figure 4-21 Transverse strain vs axial strain data for the ASL foam: (a) εy vs εx; (b) εx vs εy; (c) 
εz vs εx; (d) εz vs εy; (e) εx vs εz; (f) εy vs εz. 
 
The Poisson's ratios determined from the slope of the transverse strain vs axial strain data for 
the CSL and ASL foams vary with strain -Figure 4-22 and Figure 4-23, respectively. There are 6 
curves for each foam in the figures, corresponding to each of the directional Poisson's ratios νxy, νxz, 
νyx, νyz, νzx and νzy. The CSL and ASL foams both display some degree of anisotropy. This finding is 
different from that of Lakes who reported the uniform triaxial compression process produced 
isotropic auxetic foam (Lakes, 1987). This may be due to the use of different starting foams 
(Polyester foam) in the work reported here and that used by Lakes et al.  
(a) (b) 
(c) (d) 
(e) (f) 
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Similar graphs showing strain-dependent Poisson’s ratio variations for the CSS and ASS foams 
are plotted in Figure 4-24 and Figure 4-25, respectively. The CSL and CSS foam displays positive 
directional Poisson’s ratios initially which generally decrease towards zero as compressive strain 
increases, although the Poisson’s ratios in the x-y plane show an initial increase in positive value 
before decreasing at intermediate and high strain. The ASL and ASS foams are confirmed to be 
auxetic, and in some directions undergo a transition to positive Poisson's ratio response as 
compressive strain is increased.  In the next section these trends will be discussed in terms of what 
may be happening to the foam microstructure during compressive loading. 
Figure 4-22 Strain-dependent Poisson’s ratio variations for the CSL foam. 
Figure 4-23 Strain-dependent Poisson’s ratio variations for the ASL foam. 
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4.1.2.1.3 Cell geometry and foam microstructure 
In addition to the symmetric compliance matrix condition, from symmetry considerations of the 
unconverted foam and the foam conversion process, the following relationships are expected to 
hold for both the unconverted and converted foams for any given state of strain: 
                            Ex = Ey ≠ Ez                                                      4-1 
                             νxy = νyx                                                            4-2 
                      νxz = νyz                                                            4-3 
                              νzx = νzy                                                            4-4 
Figure 4-24 Strain-dependent Poisson’s ratio variations for the CSS foam. 
Figure 4-25 Strain-dependent Poisson’s ratio variations for the ASS foam. 
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Inspection of the strain-dependent mechanical property trends in Figure 4-10 to Figure 4-13 
and Figure 4-22 to Figure 4-25 confirm that the foams behave significantly in accordance with the 
expectations from Equations 4-1 to 4-4. Possible exceptions are: Equation 4-4 for the CSL foam 
where, despite having similar trends, νzx is consistently and significantly larger than νzy (Figure 
4-22); Equation 4-1 for the CSS foam where one of the two curves for Ex differs from the other one, 
which is otherwise in agreement with the two Ey curves (Figure 4-12)); Equation 4-1 for the ASS 
foam where the two curves for Ex differ from each other, and the two curves for Ey differ from each 
other (but each of the two Ex curves follows a similar trend to one of the Ey curves) - Figure 4-13. 
The strain-dependent Young’s modulus and Poisson’s ratio trends for the foams are 
considered by comparison with those expected from rib flexure and/or rib hinging of the 2D 
honeycomb equivalent system. 
 In Figure 4-26, Figure 4-27, Figure 4-28, and Figure 4-29 the predicted trends are plotted for E 
and ν as functions of honeycomb angle. The trends use the expressions from Gibson and Ashby– 
(Gibson & Ashby, 1988) Equations 2-1, 2-2, 2-3 and 2-4 and the rise (z) and transverse (x) 
directions of the foams have been assumed to correspond to the 1 and 2 directions in Master’s 
model.    
 
 
 
 
 
 
Figure 4-26 Predicted Young’s modulus Ez as function of honeycomb angle , 
using the flexure/hinging model expressions of Gibson and Ashby (Gibson & 
Ashby, 1988) with arbitrary values of Kf/h = Es = b = l = 1 and h = 2, and z 
corresponds to the model 2 direction. 
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Figure 4-27 Predicted Young’s modulus Ex as function of honeycomb angle , 
using the flexure/hinging model expressions of Gibson and Ashby (Gibson & 
Ashby, 1988) with arbitrary values of Kf/h = Es = b = l = 1 and h = 2, and x 
corresponds to the model 1 direction. 
Figure 4-28 Predicted Poisson’s ratio zx as function of honeycomb angle , using 
the flexure/hinging model expressions of Gibson and Ashby (Gibson & Ashby, 
1988) with arbitrary values of l = 1 and h = 2, and z corresponds to the model 2 
direction. 
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Consider, first, the change in Ez due to compression along the z direction of the conventional 
honeycomb/foam. This corresponds to decreasing the value of (positive) honeycomb angle θ in 
Figure 4-26 and is accompanied by a decrease in Ez. Qualitatively, then, the predicted response 
from honeycomb theory is as found experimentally in Figure 4-10 and Figure 4-12 for the CSL and 
CSS foams, respectively (i.e. Ez decreases over most of the strain range under compressive 
loading along z).  
Similarly, for compressive loading along the x direction, the flexure model predicts a decrease 
in Ex for the conventional honeycomb due to increasing the honeycomb angle in this case (Figure 
4-27). This is again consistent with the general trend in the foam data in Figure 4-10 and Figure 
4-12 for the CSL and CSS foams, respectively. 
In terms of the predicted Poisson’s ratio trends, both positive values of zx and xz are predicted 
to decrease in response to compressive loading along z and x, respectively (corresponding to 
decreasing and increasing honeycomb angle, respectively) for the conventional honeycomb - 
Figure 4-28 and Figure 4-29. These are again consistent with the general trends in the Poisson’s 
ratio responses of the CSL and CSS foams in Figure 4-22 and Figure 4-24, respectively.  
Hence the strain-dependent mechanical properties of the conventional (unconverted) foam can 
be reasonably well described in a qualitative manner by the rib flexure and/or hinging deformation 
mechanism. 
In the case of the auxetic honeycomb under compression along the z direction, the negative 
honeycomb angle becomes increasingly negative. This then corresponds to an increase in Ez 
Figure 4-29 Predicted Poisson’s ratio xz as function of honeycomb angle , 
using the flexure/hinging model expressions of Gibson and Ashby (Gibson & 
Ashby, 1988) with arbitrary values of l = 1 and h = 2, and x corresponds to the 
model 1 direction. 
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(Figure 4-26) and in the magnitude of the negative zx (Figure 4-28) with increasing compression. 
These trends are consistent with the experimental data for the ASL (Figure 4-11 and Figure 4-23) 
and ASS (Figure 4-13 and Figure 4-25) foams at low compressive strains (typically < 0.05). At 
higher strains the experimental Ez data plateau and the magnitude of zx decreases with 
compressive loading.  
Under compression along the x direction of the re-entrant honeycomb, the negative honeycomb 
angle becomes increasingly negative. In this case, the predicted decrease in the magnitude of the 
negative xz (Figure 4-29) with increasing compression is consistent with the general trend in the 
experimental data for the ASL (Figure 4-23) and ASS (Figure 4-25) foams. However, the predicted 
decrease in Ex (Figure 4-27) with compression along x is not consistent with the increasing trend 
observed in the experimental Ex data for the ASL (Figure 4-11) and ASS (Figure 4-13) foams.  
The departures of the experimental mechanical property trends from the predicted trends for 
the auxetic foams indicate alternative deformation mechanisms to the flexure and/or hinging 
mechanisms, assumed by the model, may become significant in the increasingly densified auxetic 
foam structure under compressive loading. 
4.1.2.1.4 Zero-strain Poisson’s ratios and Young’s moduli 
Table 4-1 summarises the zero strain (undeformed) directional Poisson’s ratios and Young’s 
moduli for all of the foams subject to compressive loading for thin and thick size foam specimens. 
The values quoted in Table 4-1 are the averages of several tests and so are not the zero strain 
values from the individual test data reported in Figure 4-10 to Figure 4-13 and Figure 4-22 to Figure 
4-25. The errors associated with the values are the standard deviations in each case. 
 
Table 4-1 Zero-strain directional Poisson's ratios and Young’s modulus for thin and thick 
size foams (quoted errors are the standard deviation in the values from the individual width 
segments). 
Foam CSL CSS ASL ASS 
νxy 0.34 ±0.02 0.38 ±0.02 -0.24 ±0.04 -0.19 ±0.045 
νxz 0.32 ±0.008 0.19 ±0.04 -0.26 ±0.03 -0.10 ±0.008 
νyx 0.38 ±0.09 0.45 ±0.04 -0.23 ±0.04 -0.16 ±0.055 
νyz 0.38 ±0.01 0.75 ±0.08 -0.22 ±0.02 -0.13 ±0.028 
νzx 0.56 ±0.02 0.44 ±0.03 -0.19 ±0.02 -0.12 ±0.036 
νzy 0.44 ±0.01 0.31 ±0.01 -0.17 ±0.01 -0.09 ±0.073 
Ex (kPa) 33.15 ±1.2 10.2 ±0.25 9.4 ±1.9 20.22 ±4.8 
Ey (kPa) 37.76 ±0.88 20.1 ±3.8 7.8 ±0.12 26.25 ±3.8 
Ez (kPa) 44.9 ±7.02 24.5 ±1.4 11.9 ±4.7 32.3 ±0.26 
 
 
A check on the internal consistency of the data for each foam sample was made by 
establishing that the symmetric compliance matrix requirement was met, i.e. s ij = sji, which 
corresponds to νijEj = νjiEi. Figure 4-30 plots the zero-strain compressive νijEj against νjiEi values 
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derived from Table 4-1 for the small and large size foam specimens. The data are reasonably 
scattered about the equality line (the least squares best fit line has a slope close to unity with an R
2
 
correlation of (0.98) and no significant outlying points are evident. The foams were found, therefore, 
to comply with the symmetric compliance matrix condition. 
 
 
 
 
4.1.2.1.5 Strain energy 
The strain energy density (Ui/V, where Ui is the strain energy for loading along the i direction 
and V is the foam volume) was determined from the area under the compressive stress-strain curve 
for each loading test on each foam, and is shown in Figure 4-31 to Figure 4-34 for the CSL, ASL, 
CSS and ASS foams. The directional strain energy density values at 15% compressive strain are 
summarised in Table 4-2. In Table 4-2, the values for each loading test are also averaged into 
single values (with standard deviation quoted) for the rise and transverse directions where, in the 
latter case, the transverse isotropy of the initial foam structure and the symmetry of the foam 
conversion process have been exploited (i.e. Ux = Uy). 
Despite having lower initial directional Young's moduli (Ei - Table 4-1), the directional strain 
energy densities of the auxetic foam are generally higher than those of the conventional foam under 
compression to 15% strain (Table 4-2). This is due to the plateauing of the conventional foam 
stress-strain data at higher compression (e.g. Figure 4-6) compared to the increased resilience of 
the auxetic foam (e.g. Figure 4-7). However the amount of strain energy density in rise z direction 
and isotropic x and y directions is respectively 112% and 156% higher for ASS foam in compare 
Figure 4-30 νjiEi vs νijEj (compression) data for the unconverted and converted foam 
specimens (large and small). 
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with CSS foam.  This is due to the smaller volume size effect of the conventional and auxetic foam 
for CSS and ASS Figure 4-33 and Figure 4-34. 
 
 
Table 4-2 Converted and unconverted foam directional strain energy densities at 15% 
compression strain. SD = standard deviation. 
  Ui/V (Jm-3)  
Foam                                   ZY ZX YZ YX XY XZ Z SD X SD 
CSL 487 444 369 398 313 390 465 ±30 367 ±38 
CSS 372 354 264 264 183 248 363 ±12 240 ±38 
ASL 486 483 273 280 229 225 485 ±2 252 ±29 
ASS 755 783 731 541 488 693 769 ±20 613 ±117 
 
 
 
Figure 4-31 Strain energy density for unconverted CSL foam in 3 directions. 
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Figure 4-32 Strain energy density for converted ASL foam in 3 
directions. 
Figure 4-33 Strain energy density for converted  CSS foam in 3 directions. 
  98 
 
 
4.1.2.2 Tensile testing  
Figure 4-35 shows the stress- strain curves from the tensile test on the CSS and ASS foams 
with dimensions of (23mm×23mm×70mm). Figure 4-36 shows the stress- strain curves from the 
tensile test on the cylindrical CCS and ACS foams with dimensions of 70mm height and diameters 
of 30mm and 22mm, respectively. The tensile loading was performed along the foam rise direction 
Z. In both (Figure 4-35) and (Figure 4-36) there are three regions in the conventional foam stress-
strain curve. The first very short linear elastic region, up to 50% of strain, is followed by a rapid 
elastic strain hardening region. The gradient of the third region is lower than that of the second 
region.  
It can be seen that the shape of the curves for converted and unconverted foams is almost the 
same for both square and cylindrical foam shapes. It also can be observed that the cylindrical 
unconverted foam can be stretched up to 370% strain before failure which is approximately twice 
the value for the square unconverted foam (200%). The failure point for the converted foams also 
differs for cylindrical and square foam from 270% to 200% strain.  The maximum stress was 120 
kPa for both cylindrical and square unconverted foam but slightly higher for converted square 
(185kPa) than converted cylindrical (145kPa) foam.  
The Young’s moduli calculated from the stress-strain curve, at 20% strain for the CSS, ASS, 
CCS and ACS foams are summarised in Table 4-3.  
 
 
 
 
Figure 4-34 Strain energy density for converted ASS foam in 3 directions 
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Table 4-3Tensile Young’s moduli and Poisson’s ratios at 20% strain for the CSS, ASS, CCS 
and ACS foams loaded along the z direction. 
Foam Type CSS ASS CCS ACS 
Young’s modulus (KPa) 701 384 256 120 
Poisson’s ratio +0.29 -0.13 +0.28 -0.17 
 
 
In terms of the Poisson’s ratio, from Figure 4-37, the transverse strain vs axial strain curves for 
the unconverted square and cylindrical foams are closely matched and no significant difference was 
observed, whereas they are slightly different for the converted square and cylindrical foams. This 
may be attributable to the conversion process.  
 
Figure 4-35 Tensile stress-strain curves for the CSS and ASS foams. 
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From Figure 4-37 it is clear that the auxetic effect for the converted foams occurs over a 
specific tensile strain before undergoing a transition to positive Poisson’s ratio foam. The transition 
occurs at ~60% strain when using the incremental strain ratio definition for Poisson’s ratio (i.e. when 
the slope changes from positive to negative), or ~80% when using the total strain ratio definition for 
Poisson’s ratio (when the transverse strain transitions from positive to negative). The Poisson’s ratio 
calculated at 20% from the transverse strain vs axial strain curve is also given in Table 4-3 for each 
foam. 
 
 
  
Figure 4-36 Tensile stress-strain curves for the CCS and ACS foams. 
Figure 4-37 Transverse strain vs axial strain for CCS, CSS, ACS and ASS foams. 
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4.1.3 Indentation testing 
All the indentation test results are presented in Appendix A, and are arranged as graphs of all 6 
directional load-displacement data for each foam type and each indenter type (i.e. first graph 
contains 6 curves for the ACL foam subject to the Ball indenter, the second graph contains 6 curves 
for the ASL foam subject to the Ball indenter, and so on - Appendix A.1). The results in this chapter 
are presented in respect of the following parameters in the next sections: loading direction, foam 
type/shape, indenter type and foam density. The indentation data are concluded with an analysis of 
the hysteresis behaviour. 
4.1.3.1 Loading direction 
Figure 4-38 and Figure 4-39 are examples of the load-displacement graphs for the CSL and 
ASL foams, respectively, with ball indenter shape. Load-displacement curves for indentation of 
each of the 6 faces are presented on one graph for each foam. The graphs are plotted to the same 
load scale to enable easy comparison between the foams. 
 
 
Figure 4-38 Load-displacement graph for the CSL foam with ball 
indenter. 
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The load-displacement graph for the auxetic foam ASL displays significantly higher loads in 
comparison with the conventional CSL foam. The graph shows more than 100% increase in the 
load for the auxetic foam for the same amount of displacement (10mm).  
In terms of the directional response, the highest reading for the load is found for indenting in 
the rise (z) direction of the foam. This was also observed for the cylindrical foams. Higher 
indentation resistance in the z direction was expected. From the earlier mechanical testing data for 
converted and unconverted foam (Figure 4-3) and (Figure 4-4), higher compressive stiffness in the 
z direction was observed. Chan, et al. in 1999 reported similar results and their study showed stiffer 
materials present increased indentation resistance, which required higher indenter loads (Chan & 
Evans, 1999).  
4.1.3.2 Foam type/shape 
Figure 4-38 and Figure 4-39 above already give an example of differences between two foam 
types (CSL and ASL). Figure 4-40 contains load-displacement curves for the ASL, ACL, CSL and 
CCL foams on one graph for loading in one loading direction (z) on the same face, for one indenter 
shape (ball). All of the foam type comparison graphs can be found in Appendix B.1. 
Figure 4-39 Load-displacement graph for the ASL foam with ball 
indenter. 
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The indentation responses of the CCL and CSL foams for indenting in the z direction are 
almost identical. For loading directions perpendicular to the foam rise direction the indentation load 
is higher for the CSL foam than the CCL foam. This trend for the higher indentation load due to 
transverse indentation of square foams relative to cylindrical foams was also observed for the 
auxetic foams. This is expected due to the foam shape as the cylindrical foams present a curved 
surface when loading in a direction perpendicular to the foam rise direction. The reduced surface 
area for the curved foam leads to an increase in contact stress and, therefore, increased 
indentation relative to the square foam under the same load. (Appendix B.1) 
 
As already noted the auxetic foams display higher indenter load response than the comparator 
conventional foams.  
4.1.3.3 Indenter type 
The other main difference is with indenter shape. 6 different indenters have been used for this 
study, and these have been classified from the highest maximum load to the lowest in the order of: 
flat indenter, cylindrical indenter, ball indenter, point indenter, diagonal and sharp point indenter. 
This is shown by way of example in the full load-displacement curves for all 6 indenters for loading 
of the zy face of the CSL and ASL foams in Figure 4-41 and Figure 4-42. The maximum load for 
loading of all faces on both the CSL and ASL foams is shown in Figure 4-43 and Figure 4-44, 
respectively, confirming this general trend with indenter shape. 
 
 
Figure 4-40 Load-displacement graphs for the ACL, CCL, ASL and CSL 
foams subject to zy loading by the ball indenter. 
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Figure 4-42 Load vs displacement graphs for the CSL foam for loading 
of the zy face with each of the 6 different indenters. 
Figure 4-41 Load vs displacement graphs for the ASL foam for loading of 
the zy face with each of the 6 different indenters. 
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The auxetic foam, therefore, clearly displays enhanced resistance to indentation. This is also 
evident by the average maximum indentation force (<Fimax>) (Table 4-4), acting on the auxetic 
foam in transvers direction being 202%, 203%, 199%, 198%, 191%, and 173% and in the rise 
direction being 234%, 230%, 213%, 219%, 204%, and 178%  that on the conventional foam for flat, 
point, diagonal, ball, cylindrical, and sharp point indenters. the average indentation depth of the 
auxetic foam at an indenter load of 2N (<Di2N>) (Table 4-4), in the transverse direction x is 83%, 
62%, 58%, 55%, 51%, and 41%, and in axial direction z is 81%, 56%, 51%, 50%, 46%, and 30% 
Figure 4-43 Maximum load for 6 different faces vs 6 different indenters 
for the CSL foam. 
Figure 4-44 Maximum load for 6 different faces vs 6 different indenters 
for the ASL foam. 
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that of the conventional foam respectively for sharp point, diagonal, point, ball, cylindrical, and flat 
indenters (Figure 4-45). 
 
Table 4-4 Average maximum load at 10mm indentation, and displacement at 2N load over the 
rise direction data z, and also over the transverse direction data x, taking account of the 
symmetry of the foams in CSL and ASL foams. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Indenter Foam 
<Fi
max
> (N) <Di
2N
> (mm) 
X Z X Z 
Flat 
CSL 3.79±0.10 3.84±0.01 6.14±0.15 6.15±0.09 
ASL 7.67±0.73 8.99±0.14 2.54±0.52 1.85±0.15 
Cylindrical 
CSL 3.76±0.14 3.93±0.02 6.24±0.19 5.91±0.01 
ASL 7.19±0.51 8.02±0.06 3.19±0.42 2.72±0.05 
Ball 
CSL 2.86±0.11 3.02±0.04 7.81±0.22 7.51±0.11 
ASL 5.68±0.42 6.44±0.16 4.26±0.42 3.75±0.21 
Point 
CSL 2.46±0.12 2.62±0.10 8.87±0.28 8.54±0.25 
ASL 4.99±0.55 6.03±0.04 5.18±0.60 4.33±0.06 
Diagonal 
CSL 2.41±0.06 2.53±0.02 8.98±0.14 8.72±0.05 
ASL 4.77±0.42 5.53±0.27 5.56±0.40 4.91±0.27 
Sharp point 
CSL 1.55±0.05 1.58±0.02 10.00±0.01 10.00±0.01 
ASL 2.69±0.16 2.81±0.19 8.33±0.30 8.13±0.43 
Figure 4-45 ASL foam displacement percentage (relative to that for the CSL foam) 
at 2N for different indenter s and foam faces. 
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The indenter order for maximum load was also observed for cylindrical as well as square 
foams. For example, the maximum load is shown in a 3D surface plot for the four different foam 
shapes and types and six different indenters for loading of the zy face in Figure 4-46. 
 
 
Considering the auxetic cylindrical and square foams, the highest maximum load observed for 
the flat indenter was closely followed by that for the cylindrical indenter. The maximum load 
decreased from cylindrical indenter to ball indenter by about 30% in the z direction and 20% in the x 
and y directions, with a gradual decrease then occurring from ball indenter to the point and diagonal 
indenters. There is a second major decrease in maximum load of approximately 40% from the 
diagonal indenter to the sharp point indenter. Conventional cylindrical and square foams also show 
similar trends in maximum load vs indenter shape as the ones described here for auxetic foams. 
The maximum possible indenter cross sectional area at 10mm indentation is presented in 
Table 4-5. Figure 4-47 demonstrates the method used for cross section area measurement of the 
sharp indenter as an example. The maximum load is seen, therefore, to generally increase with 
increasing indenter cross sectional area from point indenter to flat indenter. The exception to this 
trend is the diagonal indenter which has higher cross sectional area but lower maximum load than 
the point indenter. The diagonal indenter causes more indentation early in the test due to having 
very low contact surface area and, therefore, high indentation contact stress. This is, of course also 
true of the point indenter, but the change from low to high contact surface area (and therefore high 
to low contact stress for the same load) is much more abrupt for the point indenter.  
Figure 4-46 Surface plot of maximum load vs foam type and indenter 
shape. Different colours indicate different levels of maximum load 
indicated in the key. 
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The point indenter, therefore, spends more of the indentation displacement in the high contact 
surface area regime which requires higher load to achieve the same contact stress as the diagonal 
indenter on average.  
 
Table 4-5 Maximum surface area at 10mm indentation for the 6 indenters used in this study. 
 
The shape of the indentation load-displacement curve was different for different indenters and 
could be classified by two main groups: S shape curvature and J shape curvature; and combination 
of J and S which is called JS in Figure 4-48. S-shape curves were displayed by indenters 
presenting a flat contacting surface in at least one surface direction (flat and cylindrical indenters). 
Indenters with a curved or angled contact surface where the contact surface area is, therefore, 
gradually increased during indentation display J-shape curves as the resistance against indentation 
is gradually increased. This is because more foam becomes active in resisting indentation as the 
contact surface area increases, and also because as the contact surface area increases then the 
contact stress (force over area) decreases, thus requiring more applied indentation load to achieve 
indentation. The curve for the point indenter displays an initially shallow slope straight line, similar to 
the beginning of the J-shape curves, and then displays S-shape curvature at intermediate and high 
displacements. 
The initial linear part corresponds to indentation by the small hemispherical feature, with the 
intermediate/high displacement S-shape corresponding to full contact of the larger diameter flat 
surface behind the small hemisphere, with the indenter now behaving in a similar manner to the flat 
indenter. 
 
Indenter Flat Cylindrical Ball Diagonal Point Sharp point 
Cross section 
Area (mm2) 
132 121 113 109 77 22 
Cross section area 
2r 
10 mm 
Figure 4-47 Schematic diagram for the cross section area measurement of the sharp 
indenter at 10mm indentation depth. r is the radius of the cylinder resulting from the 
cross section. 
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The load-displacement curve shapes noted above for different indenters were observed for 
both auxetic and conventional foams, for all specimens and load directions. 
Figure 4-49 shows the foam deformation profiles for ball, cylindrical and sharp point indentation 
of unconverted and converted foams. These profiles were taken for indentation to the same 
indentation depth of 10mm. In Figure 4-49 the indentation is performed towards the front of the top 
face rather than in the middle of the top face for the main indentation tests. Nevertheless, some 
useful observations can be made from Figure 4-49. The distance between points A and B, where 
the contour (shown by a yellow dot-dash line) of the top edge departs from a linear horizontal line, 
is longer for the auxetic foam than the conventional foam for all indenters. This has been observed 
previously for ball and cylindrical indentation of foams and has been suggested to be due to the 
drawing in of adjacent material towards the locally indented region by the negative Poisson’s ratio 
effect (Chan & Evans, 1998). In FE simulations of the impact response of honeycombs (Qi, et al., 
2013), transformation of tension loads to remote honeycomb cells due to inclined cell walls in both 
hexagonal and re-entrant hexagonal honeycombs has been observed, which would also support 
the effect on remote regions of foam observed in Figure 4-49. Chan and Evans showed elastic 
collapse of cells adjacent to the indenter occurred for a hexagonal honeycomb, whereas the cells 
remained intact for a re-entrant honeycomb. If a similar same scenario occurs in the foams studied 
here, then the tension load transformation effect suggested by Qi would not then operate in the 
conventional foam, leading to a smaller region of deformation caused by indentation in the 
conventional case – as observed in Figure 4-40. It is not possible to discern from Figure 4-49 
whether or not the cell units next to the indenter have collapsed due to flexure for either foam type. 
Figure 4-48 Typical load-displacement curve shapes for different indenter shapes 
(correpsonding to indentation in the z direction of the ASL foam). 
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There is also evidence of cell concentration below the indenters in the auxetic foam (white 
circled area C in Figure 4-49a, c and e). This is consistent with the localised densification due to the 
auxetic effect expected under indentation, and has also been observed in FE simulations (Qi, et al., 
2013). 
Figure 4-49 Ball, cylindrical and sharp point indentation of auxetic and conventional foam. 
AB is the distance between two points on the top edge where foam deformation starts. C 
is cell concentration caused by indentation. (a), (c) and (e) are auxetic foam, and (b), (d) 
and (f) are conventional foam indented by ball, cylindrical and sharp point indenters, 
respectively. 
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4.1.3.4 Foam density 
Figure 4-50 shows the density and maximum load for the ball indenter for 4 different 
unconverted and converted foam types and shape. This analysis was also completed for each type 
of indenter. It can be seen that the density of the converted foam is increased to 351% and 383% 
the unconverted foam density for the square and cylindrical foams, respectively. The density 
increase correlates with an increase in maximum load at 10 mm indentation depth by a factor of 2-3 
times on average for the converted foams. Therefore by converting the conventional foam to 
auxetic foam the Poisson’s ratio was transformed to negative values and also the density was 
increased.  
 
The density-maximum load analyses for all 6 indenters are presented in Appendix B-2 and 
show similar relationships to those observed for the ball indenter in Figure 4-50. 
It is tempting to attribute enhanced indentation resistance for converted foams, indicated by the 
higher maximum loads at 10mm indentation depth in Figure 4-50 and also Figure 4-40, to the 
higher density following conversion (Figure 4-50). 
Gibson and Ashby show the following dependency between Young’s modulus and density of 
3D open cell foam: 
                                
𝐸
𝐸𝑠
= 𝐶1 (
𝜌
𝜌𝑠
)
2
                                                 4-5    
Where Es and 𝜌𝑠 are Young’s modulus and density of the solid material of the ribs, C1 includes 
all of the geometric constants of proportionality. They show this dependency is followed (with 
scatter) for a range of foams Figure 4-51. 
 
 
Figure 4-50 Density and Maximum load under the ball indenter at 10mm 
displacement for the ACL, ASL, CCL and CSL foams. 
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Hence as density increases, equation 4-5 predicts an increase in Young’s modulus which 
would then be expected to lead to an increased indentation resistance. For the converted foams, 
where a reduction in foam volume by a factor of 3 occurs, it would be expected that the Young’s 
modulus of the converted foams would be approximately an order of magnitude higher than the 
unconverted foams. However, the converted foams actually show initially lower Young’s moduli (c) 
Figure 4-10 and Figure 4-11, which would imply lower indentation resistance for the converted 
foams. Gibson & Ashby considered density is proportional to: 
                                       
𝜌∗
𝜌
∝ (
𝑡
𝑙
)
2
                                                 4-6 
and use this as the basis of considering the effect of density change on Young’s modulus. As 
already noted, this works well for conventional foams where density changes are predominantly due 
to changes in the thickness and/or lengths of the ribs as a result of the initial foaming process. For 
the converted foams, the density change due to the conversion process is not due to changing (t/l), 
but rather is due to changing rib angle (). Hence Equation 4-5 is no longer valid for the converted 
foams investigated in this work.  
Figure 4-51 Data for the relative Young’s modulus of foams, E/Es, plotted against 
relative density, ρ/ρs. The solid line represents the Gibson and Ashby theory for open 
cell foams. Adapted from (Gibson & Ashby, 2001). 
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Gibson and Ashby did not do a full analysis/derivation for 3D foam density or Young’s modulus 
based on foam internal structure geometry, but they did do for 2D foams (honeycombs). For 2D 
foams they derived the following expressions (Gibson & Ashby, 2001).  
 
                                     
𝜌∗
  𝜌𝑠
=
𝑡 𝑙⁄ (ℎ 𝑙⁄ +2)
2 cos 𝜃(ℎ 𝑙+sin 𝜃⁄ )
                                        4-7 
                                     
𝐸1
∗
𝐸𝑠
= (
𝑡
𝑙
)
3 cos 𝜃
(ℎ 𝑙+sin 𝜃⁄ ) sin2 𝜃
                                 4-8 
                                     
𝐸2
∗
𝐸𝑠
= (
𝑡
𝑙
)
3 (ℎ 𝑙+sin 𝜃⁄ )
cos3 𝜃
                                         4-9 
leading to: 
                                      
𝐸
𝐸𝑠
= 𝐶1 (
𝜌
𝜌𝑠
)
3
                                                    4-10 
  
for honeycombs when density changes are via changing (t/l) This is shown in Figure 4-52 for h/l 
= 2 and θ = 30° (where Ex = E1 and Ez = E2): 
 
 
 
 
However, for the case where density changes due to changing θ, Gibson and Ashby’s 
expressions lead to the following dependency of the Young’s moduli on density, Figure 4-53. 
In this case, the dependency of Young’s moduli on density is less clear cut. To take an 
example, for an unconverted honeycomb having  = +30°, and a converted honeycomb having a 
volumetric decrease by a factor of ~2 (equivalent to applying an LCR of 0.7 to each dimension of 
the 2D honeycomb), i.e. density increases by a factor of 2 (from /s = 0.09 to 0.18), then Gibson 
and Ashby’s model predicts Ex remains largely unchanged and Ez decreases by ~25% following the 
Figure 4-52 Gibson and Ashby model predictions for Young’s moduli vs 
density of hexagonal honeycomb with h/l = 2 and θ = 30°; density variations via 
changing t. 
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conversion. This contrasts with a factor of 8 increase in Young’s moduli when density changes via 
changing t. 
 
 
 
 
 
The lower initial Young’s moduli of the converted foams are, therefore, consistent with what we 
might expected when density changes due to the conversion process are predominantly attributed 
to changes in rib angle (from conventional to re-entrant cell structures). Hence the enhanced 
indentation resistance for converted foams (Figure 4-40 and Figure 4-50) is not attributable to 
increased stiffness through higher density following conversion. 
Another explanation is then required for the enhanced indentation resistance in initially more 
compliant foams. The initial enhancement in indentation resistance at low displacement for the 
converted foams coincides with negative Poisson’s ratio response (Figure 4-23). It seems likely 
then that this is a key factor in the indentation resistance enhancement – and is consistent with the 
material densifying under indentation to provide improved resistance for the case of an auxetic 
foam. 
The auxetic effect persists up to quite large strains for compression along z (Figure 4-23), and 
so the auxetic effect could be a significant factor over a large part of the indentation response for 
indentation along z (Figure 4-40). It is, however, not trivial to directly relate the strain in Figure 4-23 
to indentation displacement in Figure 4-40. 
At intermediate and high strains considered in Figure 4-10 and Figure 4-11, the unconverted 
and converted foam Young’s moduli decrease and increase, respectively. This provides an 
additional contribution to the indentation resistance enhancement for the converted foam at higher 
indentation displacements. 
Figure 4-53 Gibson and Ashby model predictions for Young’s moduli vs 
density of hexagonal honeycomb with h/l = 2 and t/l = 0.1; density variations 
via changing θ. 
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Therefore the key conclusion here is that the enhanced indentation resistance for the converted 
foam is not a consequence of increased density accompanied by a significant increase in foam 
stiffness normally associated with conventional (unconverted) foams. The enhanced indentation 
resistance is consistent with the auxetic effect (associated with the increased density in this case) 
providing a localised densification mechanism under indentation (i.e. material flows under the 
indenter). At higher indentation displacement the Poisson’s ratios for both the unconverted and 
converted foams tend towards zero. In this case, the increase in foam stiffness for the converted 
foams at higher strain will also contribute to the indentation enhancement at high indentation 
displacement. 
4.1.3.5 Hysteresis loop 
As part of the investigation of the non-linear elastic mechanical properties of foams, the 
hysteresis loops were examined. A hysteresis loop for the ASL foam is shown in Figure 4-54. The 
area of the hysteresis loop reflects the loss of energy per cycle. In general the lost energy is 
dissipated as heat (Figure 4-54). Foams with a high level of hysteresis show good energy 
absorption, since the energy lost in the loading and unloading cycle is able to do work. The net 
result of this may be either: deformation of the original shape of the foam, or the foam may be slow 
in regaining its original configuration. 
The hysteresis loops of the ASL and CSL foams samples are shown in Figure 4-55.  
 
 
 
 
 
 
Figure 4-54 Example hysteresis loop for the Ball indenter on the ASL foam (indentation 
in the z direction). The areas under the loading and unloading curves determine the 
work in and out, respectively, which enable measurement of energy loss or energy 
absorbed by the foam. 
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Figure 4-55 Foam indentation load vs compression data for flat, cylindrical, ball, diagonal 
point and sharp point indenters on the ASL and CSL foams. 
 
Table 4-6 and Figure 4-56 show the average amount of energy absorbed (<Uabs_i
ind
>) over the 
rise direction (i = z) and transverse direction (i = x) for indentation of all 6 different faces of all foam 
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specimens by the 6 indenters used in this study. The work in (<Ui
ind
>) and work out (<Uo
ind
>) data 
are also included in Table 4-6. 
Indenting the auxetic foam to a depth of 10mm requires 219%, 219%, 214%, 208%, 203% and 
182% the work required for the conventional foam in the transverse direction x and 265%, 254%, 
231%, 236%, 219% and 183% in the rise direction z for the flat, point, ball, diagonal, cylindrical, and 
sharp point indenters respectively Table 4-6. 
 
Table 4-6 Average energy of work in , work out and energy absorbed over the rise direction 
data z, and also over the transverse direction data x, taking account of the symmetry of the 
foams in CSL and ASL foams. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In addition to being more indentation resistant, the auxetic foam also absorbs significantly more 
energy than the conventional foam: the average energy absorbed by the auxetic foam (<Uabs_iind>), 
determined from the area of the hysteresis loop for indenting in the transverse x direction is 268%, 
227%, 226%, 208%, 207%, and 180%, and in the axial z direction is 253%, 258%, 241%, 283%, 
236%, and 243% that absorbed by the conventional foam respectively for diagonal, point, ball, flat, 
cylindrical and sharp point indenters. This clearly shows the potential of using auxetic foam for the 
application of energy absorption. 
Indenter Foam 
<Ui
ind
> (J) <Uo
ind
> (J) <Uabs_i
ind
> (J) 
X Z X Z X Z 
Flat 
CSL 
17.31 
±0.41 
17.43 
±0.05 
8.53 
±0.60 
9.20 
±0.55 
8.78 
±0.49 
8.23 
±0.50 
ASL 
37.98 
±4.96 
46.15 
±1.66 
19.74 
±1.65 
22.87 
±0.21 
18.24 
±3.39 
23.28 
±1.45 
Cylindrical 
CSL 
16.62 
±0.61 
17.62 
±0.04 
8.42 
±0.50 
9.06 
±0.05 
8.20 
±0.77 
8.56 
±0.01 
ASL 
33.81 
±3.32 
38.55 
±0.17 
16.86 
±1.72 
18.37 
±0.79 
16.95 
±2.40 
20.18 
±0.96 
Ball 
CSL 
11.98 
±0.50 
12.75 
±0.27 
6.20 
±0.35 
6.45 
±0.45 
5.79 
±0.46 
6.30 
±0.18 
ASL 
25.66 
±2.50 
29.42 
±1.29 
12.81 
±0.77 
14.23 
±0.23 
13.10 
±1.72 
15.20 
±0.77 
Point 
CSL 
9.47 
±0.58 
10.18 
±0.37 
5.06 
±0.53 
4.99 
±0.49 
4.42 
±0.54 
5.19 
±0.12 
ASL 
20.73 
±3.02 
25.83 
±0.23 
10.70 
±0.88 
12.44 
±0.38 
10.03 
±2.35 
13.39 
±0.15 
Diagonal 
CSL 
9.35 
±0.32 
9.72 
±0.11 
5.63 
±0.33 
5.13 
±0.17 
3.55 
±0.58 
4.60 
±0.05 
ASL 
19.47 
±2.02 
22.94 
±1.41 
9.96 
±1.00 
11.30 
±0.07 
9.51 
±1.37 
11.64 
±1.48 
Sharp point 
CSL 
5.78 
±0.23 
5.91 
±0.17 
2.68 
±0.36 
3.22 
±0.12 
3.10 
±0.30 
2.69 
±0.29 
ASL 
10.52 
±0.63 
10.83 
±0.96 
4.95 
±0.57 
4.29 
±0.41 
5.57 
±1.00 
6.54 
±1.37 
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The above statement is valid when volume or dimension of the foam is considered as the key 
factor. For equal size and shape of foam, the auxetic foam displays significantly enhanced energy 
absorption (i.e. on an energy absorbed per cm
3
 basis). That may be fine for things like crash mats 
and barriers. However if the energy absorbed per unit weight (such as in protective gloves, shin 
guards and, hip protectors), is the point of interest then the data in Figure 4-56 need to be divided 
by foam density (Figure 4-57). This reduces the auxetic data by a factor of approximately 3 (relative 
to the conventional data).  
The average strain energy density values for the CSL and ASL foams under uniaxial 
compression (Table 4-2) contrasts with the average work required (<Ui
ind
>) to indent the foams to a 
depth of 10mm Table 4-6. Under uniaxial compression to 15% strain the strain energy density is 
approximately similar for both sets of foams, whereas the work required to indent the auxetic foam 
to 10mm indentation depth is significantly higher than the conventional foam. 
 
 
Figure 4-56 Energy absorbed by the ACL, ASL, CCL and CSL, under 
indentation by flat, cylindrical, ball, point, diagonal and sharp point indenters. 
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Figure 4-58 shows the correlation of energy absorption with the Poisson’s ratios of the foams. 
This figure is for the flat indenter. The auxetic foam with a higher negative Poisson’s ratio (i.e. 
smaller magnitude) has a bigger energy loss than auxetic foam with a lower negative (higher 
magnitude) Poisson’s ratio. 
 
 
 
 
 
Figure 4-57 Energy absorbed / density  by the ACL, ASL, CCL and CSL, under 
indentation by flat, cylindrical, ball, point, diagonal and sharp point indenters.  
Figure 4-58 Correlation of Poisson’s ratio with Energy absorbed by the ACL, ASL, 
CCL and CSL foams for indentation by the flat indenter. 
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Figure 4-59 shows an additional analysis/way of presenting the correlation between energy 
absorption and Poisson’s ratio by plotting the energy absorption vs Poisson’s ratio for the CSL and 
ASL foams.  
 
 
  
  
  
 
Figure 4-59 Energy absorption vs Poisson’s ratio for the CSL and ASL foams. The energy 
absorption data are for 6 different indenters: (a) flat, (b) cylindrical, (c) ball, (d) point, (e) 
diagonal, and (f) sharp point. 
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4.2 Coaxial foams 
4.2.1 Foams tomography 
X-ray microtomography (undertaken by Dr Sam McDonald, University of Manchester) confirms 
that the structure in the coaxial foams has been successfully modified into distinct core and sheath 
regions by employing the new compression mould described in Chapter 3. An overview scan of the 
structure of the Radial A foam is shown in Figure 4-60(a) by way of example, clearly showing a 
darker (denser) pore structure in the outer sheath regions compared to the inner core region, 
consistent with radial compression occurring predominantly in the sheath region during the 
conversion process. 
X-ray microtomographs in the sheath and core regions, each over a volume size of 
10 × 10 × 24 mm
3
 (the latter dimension is along the sample length) yield an average density (volume 
of solid material to total volume of region of interest) for the sheath region of 12.5%, compared to 
4.1% for the core region, clearly observed in the core region. This is quantified in Figure 4-61 which 
shows the density of the core region along the axial (x) direction. In Figure 4-61 and subsequent 
figures, the origin of the coordinate system for the radial samples coincides with the centre of the 
foam, reflecting the symmetry of the samples and conversion process. The density towards the 
foam ends (|x| >> 0), to which axial compression is applied during the conversion process, is clearly 
greater than in the middle of the core region (|x| ~ 0). Note that slices at the top and bottom of the 
sample have been excluded from Figure 4-61 due to interference from the sample holder (bottom) 
and air (top). 
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Figure 4-60(a) also shows there are variations in density along the axis of the foam, most  
Higher resolution region-of-interest x-ray microtomographs of the sheath and core regions (Figure 
4-60(b) and Figure 4-60(c), respectively) reveal that the core region pore structure corresponds to 
Figure 4-60 Structure of the coaxial Radial A foam: (a) overview micro-CT scan showing a 
thin virtual diametral section taken with the whole sample in the field-of-view; local ROI 
scans  of smaller sections of the (b) ‘sheath’ and (c) ‘core’ regions of the sample; SEM 
images of the (d) 'sheath' and (e) 'core' regions. 
Figure 4-61 Density vs axial position along the core region of the Radial A foam. Origin 
(x = 0mm) coincides with the centre of the foam. 
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that known to occur in the unconverted (positive Poisson’s ratio) foam (compare Figure 4-60(c) with 
the structure of the control (unconverted) foam. The denser sheath region is achieved through a 
more tortuous and ‘re-entrant’ structure (Figure 4-60 (b)), which is characteristic of auxetic foams 
(Lakes, 1987; Choi & Lakes, 1995; Chan & Evans, 1997; McDonald, et al., 2011; Alderson, et al., 
2007; Martz, et al., 1996; Alderson, et al., 2013). The SEM images of the sheath and core regions 
of the Radial A foam (Figure 4-60(d) and (e), respectively) are consistent with the micro-CT scan 
images. 
A plot of the global radial strain (εy) against the global strain in the loading axial direction (εx) is 
shown for the Control, Radial A and Radial B foam diametral slices in Figure 4-62. Using the least-
squares best-fit straight line method for global axial strain up to 5%, global Poisson’s ratios of νxy = 
+0.552 ±0.078, -0.094 0.012 and -0.090 ±0.015 were determined for the Control, Radial A and 
Radial B foams, respectively, with the uncertainty given by the standard deviation in the values from 
3 tests on each sample. The value for Control is, therefore, consistent with the earlier value for 
Control tensile PR value. The coaxial foams have very similar global Poisson’s ratio responses to 
each other, and are clearly auxetic at the global scale. 
 
 
 
 
Local νxy and global-to-local axial strain ratio responses are presented in Figure 4-63 for the 
Control, Radial A and Radial B foam diametral slice samples. For clarity, the local νxy data from dot 
groups spanning the interface between the core and sheath regions (e.g. group DFKL in Figure 
3-17) have been omitted from the plots for the Radial A, Figure 4-63 (b) and Radial B Figure 4-63 
(c) foams. Generally, the νxy response is symmetric about the mid-points of both the x and y 
dimensions of all 3 foams, with a peak in the response generally located at the x axis and y-axis 
Figure 4-62 Global εy vs global εx for control and coaxial Radial A and 
Radial B foam diametral samples. 
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midpoints (x = y = 0) for the Control and Radial A foams Figure 4-63 (a) and Figure 4-63 (b), 
respectively. The y-axis mid-point corresponds to a trough (minimum) running parallel to the x axis 
in the response for the Radial B foam Figure 4-63 (c). The effect of the conversion process is to 
lower the response surface of the Control foam from fluctuations around a large positive Poisson’s 
ratio on average to fluctuations around a negative νxy on average for the Radial A and Radial B 
foams. 
The core region of the Radial A foam is characterised by positive values of local νxy, and the 
sheath regions by negative values. The strain mapping of the diametral slice sample thus confirms 
that coaxial foam comprising auxetic sheath and conventional (non-auxetic) core regions has been 
produced. The SEM micrographs of the cell structure in the core and sheath regions of the Radial A 
foam are included again in Figure 4-63 (b). As already noted the structure of the core region of the 
Radial A foam is largely unmodified from the structure responsible for the positive Poisson's ratio of 
the starting foam. The sheath region of the Radial A foam, on the other hand, has the densified and 
tortuous structure responsible for auxetic behaviour. 
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Figure 4-63 Local νxy (a)-(c), and global-to-local εx ratio (d)-(f), as a function of axial (x) 
position along the foam for range of radial (y) positions in the Control, and coaxial 
Radial A and Radial B foam diametral slice samples (global εx = 5%). Origin (x = y = 
0mm) coincides with the centre of the foam. Inserts in (b) and (c) show SEM 
micrographs of core and sheath structures of the Radial A and Radial B foams, 
respectively. 
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The Radial B foam displays the largest magnitude of negative νxy in the core region. SEM 
analysis, also shown in Figure 4-63 (c), confirms the cell structure of the core region of the Radial B 
foam is similar to the re-entrant structure of the sheath region of the Radial A foam and is 
responsible for the auxetic property, as intended. The Radial B sheath regions show a reduction in 
the magnitude of the negative νxy but, with the exception of one location (x = 20mm, y = -18mm), do 
not attain the intended positive values. It is apparent from the SEM image of the structure of the 
sheath region of the Radial B foam that it has also been modified during processing, displaying 
elements of the densified and tortuous nature observed in the core region of the Radial B foam and 
the sheath region of the Radial A foam. A co-axial foam having larger and lower magnitudes of 
negative νxy in the core and sheath regions, respectively, has, therefore, been produced in the 
Radial B foam. 
With the exception of one data point located at x = -19mm and y = 21mm, the reciprocal local 
axial strain varies to within ~ +/-25% of the global axial strain value (0.05) for the control foam, 
Figure 4-63 (d). Within this variation, there appears to be a slight systematic reduction in the ratio as 
the x coordinate increases. 
The Radial A foam, on the other hand, displays a distinct peak in the reciprocal local axial 
strain located towards the middle of the foam (in both the x and y coordinates), corresponding to a 
maximum increase in the local axial Young’s modulus to almost 3 times the global axial Young’s 
modulus Figure 4-63 (e). This level of increase is significantly outside the variation displayed in the 
unconverted Control foam, and demonstrates a gradient Young’s modulus foam has been achieved 
in addition to the gradient Poisson’s ratio. The enhanced Young’s modulus coincides with the 
positive Poisson’s ratio core Figure 4-63 (b) and lower density region of the core Figure 4-61. 
A peak in the reciprocal local axial strain is also evident for the Radial B foam, Figure 4-63 (f). 
In this case the peak is centred around the middle of the axial direction (x coordinate), but shows 
less variation with y coordinate than the Radial A foam. This is consistent with the SEM images 
showing the core (low |y| coordinate) and sheath (high |y| coordinate) regions of the Radial B foam 
with structures which differ to a lower degree than those of the Radial A foam. The data indicate a 
maximum enhancement in local Young’s modulus by a factor of 2 relative to the global axial 
Young’s modulus, with a decrease to almost 50% of the global value at low x coordinate (-18mm). It 
is clear from Figure 4-63 (e) and Figure 4-63 (f) that, in addition to different gradient Poisson’s ratio 
response, different gradient Young’s modulus response can be engineered through careful 
selection of unconverted and converted foam geometrical parameters Table 3-3. 
4.2.2 Discussion 
In this section, development of radially-gradient open cell Polyurethane (PU) foams has been 
reported. The gradient effect has been demonstrated previously in terms of structure and Poisson’s 
ratio for PU foam having discrete auxetic and non-auxetic sections (Alderson, et al., 2013), and in 
which the foam topology and local axial Poisson’s ratio varies in a linear continuous manner along 
the length of the foam from large negative, through zero, to positive values (Sanami, et al., 2014). 
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Here the production, for the first time, of gradient foams having a coaxial core-sheath structure has 
been reported (Sanami, et al., 2014), and has been achieved by the development of a compression 
rig to modify the structure of the foam in either or both core and sheath regions by radial and/or 
axial compression. Two different radially-gradient foams have been produced, each displaying 
similar global negative νxy response but with markedly different local νxy and local axial Young’s 
modulus behaviours. One foam (Radial A), in particular, is noteworthy in that it contains a positive 
Poisson’s ratio core and an auxetic sheath. 
Edge effects in gradient foams of the type reported here are likely to be complex and a more 
refined strain mapping analysis is now required to develop this further. The compression regimes 
employed in the conversion process can alter the level of anisotropy in the foam (Alderson, et al., 
2005), and it is known that high anisotropy can lead to a slower decay of Saint-Venant end stresses 
(Horgan & O, 1989). The effect of Poisson’s ratio on Saint-Venant end effects has been considered 
for a right circular isotropic elastic cylinder with self-equilibrated axisymmetric shear and normal 
tractions acting on the end surface (Lakes & S, 1992). Slow decay of end stress was predicted for a 
cylinder of negative Poisson's ratio material. This was explained through volume change over an 
extended region of the cylinder being energetically preferred over large local shear deformation 
near the end as a consequence of the well-known result that shear modulus becomes much larger 
than bulk modulus as the Poisson’s ratio tends to the isotropic lower limit of (-1). The effects of 
gradient elastic properties on the edge effects of the cylinder were not considered.  
A slight systematic increase in local axial strain with increasing axial (x) coordinate was 
apparent for the unconverted control foam Figure 4-63 (d). There is unlikely to be any inherent 
systematic variation in Young’s modulus along the axial direction since the control foam is the 
unconverted parent foam. The ratio of the axial length to transverse width dimensions is ~1.3 for the 
control foam test piece. Hence, the increase in local axial strain with increasing axial (x) coordinate 
for the control foam is probably indicative that local stresses associated with the end tabs have not 
completely decayed at the axial mid-point of the test piece. Increased local deformation associated 
with the end to which load was applied during the test (high x coordinate end) possibly explains the 
asymmetric local strain response relative to the x coordinate mid-point. 
Caution, therefore, needs to be applied to the quantitative analysis of the strain mapping data 
for the control, Radial A and Radial B samples in terms of local Young’s modulus and local 
Poisson’s ratio. Qualitatively, the apparent variations in local Young’s modulus for Radial A and 
Radial B foams are significantly larger than those attributable merely to edge effects associated with 
end tabs determined from the control foam of identical test specimen geometry (Figure 4-63), and 
so gradient Young’s modulus foams have been produced. Equally, the global νxy data for the control 
sample is consistent with that determined for a higher aspect ratio (length-to-width = 6.5) specimen 
of the same foam (Sanami, et al., 2014) within uncertainties inherent in the experimental protocols. 
This indicates that the Poisson’s ratio measurement is not significantly affected by the likely 
presence of local stresses associated with the end tabs for the lower test-piece aspect ratio used for 
the control, Radial A and Radial B samples. The lower Young’s modulus regions generally coincide 
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with lower magnitude of Poisson’s ratio regions (irrespective of whether νxy is positive or negative), 
Figure 4-63, and the core axial density analysis Figure 4-61 indicates this coincides with an 
increase in core density. 
A natural intervertebral disc (IVD) comprises two cartilaginous endplates (top and bottom) 
sandwiching the gelatinous nucleus pulposus (NP) circumferentially surrounded by the stiff collagen 
fibre-reinforced lamellar annulus fibrosus (AF) (Roberts, et al., 1989; Markolf & Morris, 1974). The 
concentric NP and AF arrangement found in the natural IVD is, therefore, mimicked by the core-
sheath structure in the coaxial foams developed here. 
The NP is usually considered to be a near-incompressible material having a positive Poisson’s 
ratio. The AF performs the function of retaining the NP from migrating out of the IVD under 
compressive loading. The AF acts like a thick walled pressure vessel and radial swelling of the NP 
places the AF under circumferential tension whilst also exerting radial compression to the inner 
surface of the AF. Failure of the AF is thought to result in disc herniation and subsequent back pain.  
Measurements of the mechanical properties of the AF typically have large quoted experimental 
uncertainties (Acaroglu, et al., 1995; Guerin & Elliott, 2006). A negative in-plane Poisson’s ratio has 
been measured at low circumferential tensile strain (<3%) (Acaroglu, et al., 1995), but it is generally 
reported that on-axis in-plane Poisson’s ratios of the AF are large and positive (typically ranging 
between +1 to +4). Large positive in-plane Poisson’s ratios are known in angle-ply fibre reinforced 
laminates having similar ply angles to those known in the AF (i.e. ~ +/-30), and are accompanied 
by negative through-thickness Poisson’s ratios (Clarke, et al., 1994; Evans, et al., 2004). The 
experimental measurement of large positive in-plane Poisson’s ratios of the AF was accompanied 
by a much lower positive value of +0.33 for the through-thickness Poisson’s ratio of the outer region 
of the AF (Elliott & Setton, 2001). The value quoted is the average for 10 samples with an 
associated standard deviation of +/- 0.68. Hence it is possible negative through-thickness Poisson’s 
ratios were measured for some of the samples. A negative through-thickness Poisson’s ratio (-1.5 < 
θ < 0) has been predicted for the AF in a 3D Finite Element Model of the fibre-matrix structure (Yin 
& Elliott, 2005). There is evidence, therefore, that the positive Poisson’s ratio NP is surrounded by 
an AF containing auxetic character, at least in some regions, similar to the gradient Poisson’s ratio 
co-axial core-sheath structure of the Radial A foam developed here.  
A negative through-thickness Poisson’s ratio would provide the AF component with a means of 
circumferential contraction due to the build-up of internal pressure on the inner region of the AF by 
bulging of the NP under compressive axial loading. Such circumferential contraction would 
counteract the direct circumferential tension, providing an additional stiffening mechanism and 
acting to prevent the disc impinging on the nerves in the spinal column. The auxetic property would 
also be expected to lead to improved resistance to failure (Choi & Lakes, 1996) of the AF to retard 
the onset of disc herniation, and to provide a means of resisting shear deformation of the IVD 
through enhanced shear modulus (Choi & Lakes, 1992). 
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The results in this work now provide impetus for further investigations of radially-gradient foam 
samples having higher aspect ratio test pieces, and finer grained dot-matrix strain mapping 
capability. In this latter respect, micro-CT scanning combined with digital volume correlation has 
previously been used to map the local Poisson’s ratio response of conventional and auxetic foams 
(Pierron, et al., 2011). This method applied to in situ imaging of gradient foams under loading will 
enable 3D mapping of the local elastic responses to higher resolution than has been achieved using 
the 2D surface mapping technique reported in this work. 
The intended auxetic sheath and conventional core was achieved in the Radial A sample. 
However, the target auxetic core and conventional sheath for the Radial B foam was not achieved, 
with both regions displaying auxetic properties. The cell structure of the sheath region of the Radial 
B foam is clearly modified significantly during processing (contrast the sheath structure of Figure 
4-63 (c) with the largely unmodified structure of the conventional core region of the Radial A foam in 
Figure 4-63 (b)) and contains re-entrant features leading to auxetic behaviour. The modification of 
the Radial B sheath structure is likely due to the presence of circumferential compression in the 
sheath region, arising from the radial compression of the core region during the production process 
Figure 3-6. The axial compression also applied during the conversion process Figure 3-6 then leads 
to local biaxial compression (axial and circumferential) in the Radial B sheath region. Biaxial 
compression has previously been shown to lead to auxetic behaviour (Alderson, et al., 2005). 
There is potential to optimise the non-uniform compression and heat treatment conversion 
process for the production of radially-gradient foams having tailored gradient Poisson’s ratio and 
Young’s modulus responses. Optimisation will be achieved via control of the geometrical 
parameters (e.g. Table 3-3), heating regimes (time and temperature), and parent foam (e.g. 
polymer and pore size), and more complex skewer arrangements (e.g. alternative/concentric 
skewer packing and/or curved skewers) for more complex radial compression scenarios. The non-
uniform compression can also be employed in the recently reported alternative solvent-based route 
for the production of auxetic foams (Grima, et al., 2009). 
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5.  Finite element modeling 
 
 
 
 
Summary 
 
This chapter provides details of stem design, honeycomb geometry, materials, meshing 
strategies, and loading conditions that were used in the hip replacement models. SolidWorks 2012 
was used to create the hip implant models with 5 different honeycomb geometries and design 
parameters for the stem, including a solid implant as a control. The 3D models were then imported 
into ANSYS 13. All hip models were analysed using finite element analysis. The hip implants were 
simulated using two models. The first simulation included the hip implant and the implant holder, 
and the second simulation was for an implant within a femur. 
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5.1  Total hip replacement  
In this part of the project, the Finite Element method has been used to carry out analyses of a 
cementless hip implant. Natural biomaterials such as bone have evolved to display optimal 
behaviour under different loading conditions such as compression and bending. The modulus 
mismatch between the bone and the hip stem causes one of the most crucial defects with current 
hip implants - called stress shielding. Solid stems change the natural stress patterns in the femur 
and become more concentrated at the distal end of the stem. Subsequently, the portion of the 
femur at the distal end is overloaded, and the top portion of the femur is under-loaded thus 
becoming weaker. Hip implant devices with honeycomb geometry stems can address some of the 
stress shielding issues associated with solid mesh stem devices but not alleviate it entirely. 
The purpose of this research has been to develop honeycomb structures with tailored 
properties for the hip stem to match the natural femoral bone properties. Stress distributions in hip 
replacement implants with different honeycomb stems have been modelled and compared, and the 
effects of honeycomb geometry on the stress distribution in the femur have been studied. To verify 
the modelling, the analysis has also been carried out on a full intact femur model. The results from 
this study are compared to Duda’s study (Duda, et al., 1998). The full results and discussion section 
are presented and described in chapter 6. 
Finite Element Modelling (FEM) provides the means to predict stress distribution in different 
stem designs considered in this work. In general, there are two types of stem designs in this study; 
these are two dimensional honeycomb geometry stems and three dimensional rounded honeycomb 
geometry stems. For the two dimensional stem models, three honeycomb geometries have been 
modelled in addition to the solid stem, and for the 3 dimensional stem models 2 additional designs 
have been modelled. 
For the modelling of cementless total hip replacement implants, the hip prosthesis design is 
based on the Corail® DePuy femoral hip system. This offers implants with a distal sizing matrix and 
flutes which is more close to the intended complex hip design. It also addresses more complicated 
issues of implant fit and fixation by using the ‘‘press’’ fit method and having grooves on the stem 
part of the total hip replacement.  
5.1.1 Geometric and finite element models 
Three dimensional modelling of the stem geometry was carried out in several steps. The first 
step involved creating design geometries and components to be used in the study. The main 
components geometries of the femur and the implants were obtained from existing CT scan data 
and adapted from an uncemented hip prosthesis, respectively. The geometry and solid model of the 
implant were obtained from DePuy and scaled to size to fit the femur used in the study. The solid 
model of the designed prosthesis is shown in Figure 5-1.  
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The focus of the study was to simulate stem honeycomb geometry differentiation along a 
specific length of the implant, where the porous structure would normally be present. Simulations 
can be carried out by modelling a porous stem in those specific areas. Details of the solid model, 
and the honeycomb geometry and its construction for the solid and honeycomb geometry models 
are described in the following sections.    
5.1.2 Solid modelling of total hip replacement 
For Total Hip Replacement (THR) modelling, the former model is adapted from the Corail® 
DePuy. For hip prostheses, the models are developed by the author, inspired by the DePuy 
prosthesis. The femoral head of the implant is in contact with the acetabular cup (artificial socket) in 
reality. Therefore, the solid model will be constructed with reference to the size of the femoral head 
of the hip prosthesis. The detailed steps taken to construct the solid models are described in the 
following section.  
5.1.2.1 Cementless solid stem hip prosthesis 
A typical model of the Corail® DePuy un-cemented hip prosthesis is shown in Figure 5-1. The 
design inspired by this hip model and analysed by the author is shown in Figure 5-2. The 
SolidWorks 2012 edition package was used for all CAD models in this thesis. The dimensions are 
also included in Figure 5-2. 
For the 3D design of the hip prosthesis the device had to be drawn in different planes. First the 
main body of the hip implant is sketched on the front plane. Then different planes are sketched at 
Figure 5-1 Corail® hip prosthesis with hydroxyapatite (HA) 
coated femoral stem with acetabular cup (DePuy, 2014). 
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different angles to the horizontal axis of the coordinate system in SolidWorks, Figure 5-3. The 
closed curves sketched on each individual plane and their geometries with relative dimensions are 
shown in Figure 5-4.  
The femoral head of the prosthesis was sketched on plane 1 and 2 by drawing simple circles of 
10 and 11 mm diameter, respectively. Then the shoulder of the prosthesis was sketched on planes 
2 and 3 followed by sketching of the middle section of the stem on planes 4 and 5. The tail of the 
hip prosthesis stem was sketched by a simple circle of diameter 14.5 mm on plane 6. The ‘lofting’ 
feature was applied to create the contours of the stem joining the sketched planes shown in Figure 
5-5 (a-f) so that the completed model was arrived at, shown in Figure 5-5 (g). 
 Figure 5-2 Sketch of solid hip replacement. 
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For the analyses carried out in this study, four types of stems were investigated: the original 
solid stem, a conventional hexagonal honeycomb mesh stem, a re-entrant hexagonal honeycomb 
mesh stem, and a double arrowhead honeycomb mesh stem. 
Plane 4 
Plane 5 
Plane 6 
Plane 3 
Plane 1 
Plane 2 
Figure 5-3 6 planes and their respective angles to the horizontal axis used to develop 
the hip implant. 
Figure 5-4 Sketches on planes used to construct the neck (planes 2 and 3), shoulder 
(planes 3 and 4) and middle (planes 4 and 5) parts of the hip prosthesis. 
11. 18.21.5
Plane 2  Plane 3  Plane 4  Plane 5  
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The model of the solid stem hip implant constructed above was used as the base model for the 
mesh stem hip prostheses. 
 
 
5.1.3 Designs for honeycomb geometry 
In the initial step, different mesh structures were designed using analytical models for the 
following honeycomb cell shapes: 
A) Hexagonal 
B) Re-entrant hexagonal 
C) Double arrow head 
Then a 3D model of the hip prosthesis was designed based on the commonly used stem shape 
developed by DePuy. Stem models having honeycomb geometry structures corresponding to the 
above topologies were subsequently created. Boundary and load conditions were applied and 
resultant displacements and stresses compared for all configurations. 
The conventional hexagonal honeycomb (positive Poisson’s ratio), re-entrant honeycomb 
(negative Poisson’s ratio) and double arrow head (negative Poisson’s ratio) geometries that were 
considered in this work are shown in Figure 5-6.    
The conventional hexagonal honeycomb has been selected because it is a very common 
simple mesh structure displaying positive Poisson’s ratio. The two different auxetic honeycomb 
geometries were chosen to enable comparison with the conventional honeycomb geometry, and 
also between the two different negative Poisson’s ratio geometry structures. 
For the conventional and re-entrant hexagonal honeycomb structures, the analytical model 
expressions assuming deformation is by flexure of the ribs (Equations 2-1 to 2-8) previously 
developed by Gibson and Ashby (Gibson & Ashby, 2001), were employed for predictions of the 
major Young’s moduli and Poisson ratios. Equivalent expressions were also developed in this work 
for the double arrow head auxetic cell structures, assuming the same deformation mechanism of rib 
flexure. In the following section, the model expressions for the double arrow head structure are 
derived. 
Figure 5-5 Step-by-step construction process of the hip prosthesis: (a) tail section, (b) 
stem, (c) middle section, (d) shoulder, (e) neck, (f) head and (g) final hip prosthesis. 
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5.1.3.1 Double arrowhead model  
The geometry of the honeycomb under consideration is shown in Figure 5-7, comprising ribs of 
lengths l connected to each other by an angle of 2α, at common junctions with ribs of length m at 
angle 2β to each other. The ribs l and m have in-plane rib thicknesses of tl and tm, respectively, out 
of plane depth d, and intrinsic Young’s modulus Es.  
 
The lengths of of the repeat unit-cell are given by: 
                             
 
X = 2ℓ sin α = 2m sin β                                         5-1 
                              Y = ℓ cos α − m cos β                             5-2   
In the following, analytical models for the in-plane linear elastic mechanical properties of the 
honeycomb are developed for the case of deformation due to flexure of the ribs. 
Consider compressive loading along the x direction. Ribs l and m will undergo flexure as shown 
in Figure 5-8.  
Figure 5-7 (a) Double arrowhead honeycomb geometry, and cell structure 
corresponding to (b) 0<β<90° and (c) 90<β<180° 
Figure 5-6 Cells geometry of, (a) honeycomb, (b) reinter-honeycomb, (c) double arrow 
head auxetic with relative parameters. 
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Points P and Q are equivalent junctions where 2 (l) ribs and 2 (m) ribs meet (compare Figure 
5-8) and so the horizontal (x) components of the deflections due to flexure of ribs l and m must be 
equal: 
                  𝑑𝑋𝑙 = 𝑑𝑋𝑚 = −𝛿𝑙 𝑐𝑜𝑠 𝛼 = −𝛿𝑚 𝑐𝑜𝑠 𝛽                         5-3   
giving 
                  𝛿𝑚 = −𝛿𝑙  
cos 𝛼
cos 𝛽
                                                 5-4   
The vertical (y) components of the deflections due to flexure of the ribs l and m are 
                      𝑑𝑌𝑙 = 𝛿𝑙 sin 𝛼                                                              5-5 
                  𝑑𝑌𝑚 = −𝛿𝑚 sin 𝛽 = −𝛿𝑙 cos 𝛼 tan 𝛽                       5-6  
The strains along the x and y directions are given by: 
                      𝜀𝑥 =
𝑑𝑋
𝑋
= −
𝛿𝑙 cos 𝛼
𝑙 sin 𝛼
                                                 5-7  
                  𝜀𝑦 =
𝑑𝑌
𝑌
=
𝛿𝑙 (sin 𝛼 −cos 𝛼 tan 𝛽)
𝑙 cos 𝛼−𝑚 cos 𝛽
                        5-8  
Defining the Poisson’s ratio: 
                      𝜈𝑖𝑗 = −
𝜀𝑗
𝜀𝑖
                                                  5-9 
Then substituting equations 5-7 and 5-8 into 5-9: 
                      𝜈𝑥𝑦 = 𝜈𝑦𝑥
−1 =
𝛿𝑙 (sin 𝛼−cos 𝛼 tan 𝛽)
𝑙 cos 𝛼−𝑚𝑐𝑜𝑠 𝛽
𝑙 sin 𝛼
𝛿𝑙 cos 𝛼
                          5-10  
which simplifies to 
                 𝜈𝑥𝑦 = 𝜈𝑦𝑥
−1 = − tan 𝛼 tan 𝛽                                         5-11 
To derive the expression for Young’s modulus in the x direction, consider the work done in 
flexure of a single rib (i): 
                     
𝑊𝑖 =
1
2
𝐾𝑓𝑖(𝛿𝑖)
2                                                              5-12 
Figure 5-8 Flexure of ribs l and m due to compressive loading along the x 
(horizontal) direction. 
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where Kfi is the flexure force constant for rib (i) 
For each unit cell there are 2 ribs l and 2 ribs m, therefore the work done per unit cell is 
                    
𝑊 = 𝐾𝑓𝑙(𝛿𝑙)
2 + 𝐾𝑓𝑚(𝛿𝑚)
2                                              5-13 
where with reference to (Ashby, et al., 1995) 
                    𝐾𝑓𝑙 = 𝐸𝑠𝑑 (
𝑡𝑙
𝑙
)
3
                                                  5-14 
                    𝐾𝑓𝑚 = 𝐸𝑠𝑑 (
𝑡𝑚
𝑚
)
3
                                     5-15  
Substituting equations 5-4, 5-14 and 5-15 into 5-13 gives 
                    𝑊 = 𝐸𝑠𝑑𝛿𝑙
2 [(
𝑡𝑙
𝑙
)
3
+ (
𝑡𝑚
𝑚
)
3
(
cos 𝛼
cos 𝛽
)
2
]                       5-16 
Now, the work done per unit volume for loading in the x-direction is given by, 
                    𝑈 =
1
2
𝐸𝑥(𝜀𝑥)
2                                                  5-17  
From the principle of conservation of energy, 
               𝑈 =
𝑊
𝑉
                                                   5-18  
where V is the volume of the unit cell: 
                    𝑉 = 𝑋𝑌𝑑                                                  5-19  
From Equations 5-1, 5-2, 5-7 and 5-16 – 5-19, we get 
                𝐸𝑥 = 𝐸𝑠 sin 𝛼
[(
𝑡𝑙
𝑙
)
3 1
𝑐𝑜𝑠2𝛼
 +(
𝑡𝑚
𝑚
)
3 1
𝑐𝑜𝑠2𝛽
]
[cos 𝛼 −(
𝑚
𝑙
) cos 𝛽]
                                  5-20  
Using a similar approach for loading in the y-direction, it can be shown that 
                    𝐸𝑦 = 𝐸𝑠
[(
𝑡𝑙
𝑙
)
3
𝑐𝑜𝑠2𝛽+(
𝑡𝑚
𝑚
)
3
𝑐𝑜𝑠2𝛼]
sin 𝛼 𝑠𝑖𝑛2𝛽[cos 𝛼−(
𝑚
𝑙
) cos 𝛽]
                                       5-21  
and equations 5-11, 5-20 and 5-21 can be shown to satisfy the symmetric compliance matrix 
condition. 
5.1.3.2 Optimised honeycomb geometries 
The size and geometry of the cell for each mesh has been optimized so that the effective 
Young’s modulus of the mesh matches that of the bone (~17 GPa). The rib material Young’s 
modulus Es was assumed to be that of an aluminium alloy with Young’s modulus of 110 GPa. There 
were a target set of -1 for auxetic honeycomb geometries, and +1 for conventional geometries, to 
enable a comparison between the different honeycomb geometries. First the minimum possible 
thickness of the ribs was selected based on the limitation of the 3D printing process identified for 
fabrication, then the relevant equation for the Young’s modulus of the honeycomb geometry was 
used to calculate the rib length. The rib angles were determined based on the normal isotropic 
honeycomb geometry with identical angles equal to 120˚. The optimised cell dimensions are listed 
in Table 5-1 and the corresponding predictions for Young’s modulus and Poisson’s ratio are listed in 
Table 5-2.   
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                   Table 5-1 Optimised dimensions of cell geometry for all three meshes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 5-2 Young’s modulus and Poisson’s ratio mathematical calculations, and density 
relation measurement in compare with ρ(Ti6Al4V) =4430 kg/m3 for the 3 different honeycomb 
geometries when ρs=1 for uncut model. 
 
 
 
 
5.1.4 Honeycomb geometry stems  
The hip stems with mesh structures were designed using SolidWorks 2012 as described in the 
section 5.1.2. Cell sizes and orientations were also set as described above.  
Solid necks on the implants were retained to preserve compatibility with standard prosthetic 
heads and to have a stable head-to-stem interface. The honeycomb stems were constructed by 
subtracting the different honeycomb geometry from the solid hip. 
Mesh structure l(mm) h(mm) ν t (mm) 
 
2 2 30˚ 0.8 
 
2 4 30˚ 0.8 
Mesh structure l (mm) m (mm) α β 
tl (mm)  & 
tm(mm) 
 
4.04753 2.33753 30˚ 60˚ 0.8 
Mesh structure ρs kg/m
3
 ExGPa EyGPa νxy νyx 
Hexagonal 0.4085 1810 16.25818 16.25818 1 1 
Re-entrant 
Hexagonal 
0.5267 2333 16.25818 16.25818 -1 -1 
Double 
Arrowhead 
0.7884 3493 16.25817 16.25817 -1 -1 
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The first step was to identify regions where the honeycomb geometry would be present. For all 
hip prostheses, the region below the shoulder and just above the dome shaped tip were 
considered. The construction of the honeycomb geometry was carried out by uniformly subtracting 
the honeycomb structure of the implant using the subtract command in SolidWorks (Figure 5-9) 
based on the cell geometry and dimensions in the previous sections from the original implant 
geometry in the lateral direction of the implant. The solid models of the three mesh stem versions 
are shown in Figure 5-10. 
 
 
Constructing the rounded hip stem is more complicated. The step by step design procedure 
can be found in Appendix C.1. Initially, the same honeycomb geometry and sizes were used and 
wrapped on the cylinder with 7 mm diameter and embossed by 40 mm to cover the entire solid hip. 
This part was then inserted and aligned with the solid hip and subtracted from the main body in 
SolidWorks. The leftover of the main body was then cut to the stem length from the shoulder to the 
tip of the implant.  Finally this part was subtracted from the solid hip and constructed the 
honeycomb stem with 7mm diameter cylindrical cavity concentric to the circular tip of the hip stem 
Figure 5-11.   
Figure 5-9 Construction of honeycomb geometry hip models. 
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Figure 5-10 3D Solid model for 3 different stems. (a) Re-entrant hexagonal 
honeycomb, (b) conventional hexagonal honeycomb, (c) double arrowhead 
honeycomb. 
Figure 5-11 3D Solid model for 2 different rounded honeycomb stems. (a) 
conventional hexagonal honeycomb, (b) Re-entrant hexagonal honeycomb. 
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The hip prosthesis samples were named based on the honeycomb geometry shapes and the 
methods used for constructing the hip stem. All 6 different hip implants used in this study are listed 
in Table 5-3. 
 
            Table 5-3 Symbol used to define each particular hip prosthesis specimen. 
 Explanation of Hip Implant Symbol 
1 Solid stem hip SSH 
2 Two dimensional subtracted honeycomb geometry HGH 
3 Two dimensional subtracted re-entrant honeycomb geometry AGH 
4 Two dimensional subtracted double arrow head geometry ADAH 
5 Round subtracted honeycomb geometry RHGH 
6 Round subtracted re-entrant honeycomb geometry RAGH 
 
5.1.5 Pre-assembly of hip prosthesis with femur 
For the modelling of total hip replacement (THR) including prosthesis and femur, the geometry 
of the femur model was taken from computer tomography (CT) scan files (Composite femur 3rd 
generation solid model) obtained from Bel repository in Biomed town website on July 2011 
(Viceconti, 2010). The femur included both cortical and cancellous bones. The neck area of the 
femur was sectioned at an angle of 46.74
0
 with respect to the femur shaft. This was carried out to 
remove the femoral head to prepare the femur ready for implanting of the prosthesis (Figure 5-12).  
 
 
 
 
The next step was to position the implant inside the femur to simulate hip replacement. The 
distal half of the stem and the canal axis must be aligned, and the neck of the prosthesis must align 
with the anteversion angle of the neck of the femur. The stem and the canal axis were also aligned, 
with the stem axis being defined as the centre line of the cross section in the distal portion of the 
z x 
y 
Figure 5-12 Steps to make the femoral head ready receive the solid hip prosthesis. (a) 
Natural femur, (b) specifying volume to be subtracted from the femur, (c) femur after 
volume subtraction, (d) cancellous bone and hip implant, and (e) cancellous and cortical 
bone with implant. 
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stem, and the canal axis defined as the centre line of the isthmus region. The isthmus region was 
assumed to be almost cylindrical in shape, and was used as a reference for a suitable size of the 
stem. The stem was then rotated so that the neck of the stem was aligned to the anteversion angle 
of the femoral neck. The hip implant shoulder was then set at the same level of the femur cut level 
and coinciding with the osteotomy line. Cancellous bone and cortical bone were subtracted to form 
the cavity ready to receive the hip prosthesis. Then the new hip prosthesis was inserted to the pre 
prepared cavity using assembly mate options in SolidWorks. 
Similar procedures were used for the other hip implants for alignment with the canal and the 
femoral neck. 
5.1.6 Positioning the stem for axial compression test simulations 
For the second method of simulation used in this study, the hip stem was assembled with a 
holder. The hip stem was positioned by fixing the distal end of the stem in a test specimen holder as 
shown in Figure 5-13(a). The orientation of the specimen under implant testing is also shown in 
Figure 5-13(b). These figures are obtained from British Standard ISO 7206-4:2002.  The specimen 
was embedded in the pre-designed vice so that the upper surface of the embedding area is at a 
distance D below the centre of the head of the prosthesis which is equal to 0.4 CT in this case. CT 
does not exceed 200 mm based on the BS ISO 7206-4 guidelines, and angles α and β are 10° and 
9°, respectively. This setup was used for all 6 different hip implant designs. In the modelling study it 
was assumed that the vice is made of structural steel, so that no displacements were expected 
once correctly positioned. 
 
 
 
Figure 5-13 (a) General arrangement of specimen for testing. (b) Orientation of specimen 
under implant testing with no ante version (British Standard ISO 7206-4:2002). 
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5.1.7 Development of finite element model and FEA 
All hip models created with SolidWorks were exported into ANSYS 13.0 using para solid (.para) 
format to perform finite element analysis. Parasolid format provides the highest accuracy for 
complex geometries such as the hip implant assembly.  
ANSYS is a powerful, reliable finite element analysis (FEA) software widely used for linear/non-
linear structural and thermal simulations used in biomedical and other fields. With this software it is 
possible to design and develop new geometries and /or analyse existing models. This software 
converts the geometry into sub divisions which are called elements and optimises by using 
mathematical equations. Element size is usually selected by the user based on the required 
accuracy of the solution. The geometry model can be broken down to small or large sizes of 
elements by fine and/or coarse meshing tools, respectively. Elements are connected with each 
other by common dots called nodes. 
The range of motion for elements is the function of permitted nodal vector constraints, which is 
called the degree of freedom (DOF). Using FEA helps to reduce the cost of experimental study and 
provides results with flexibility, higher accuracy and time savings.  
5.1.7.1 Meshing strategies and defining contact pairs 
The total hip prosthesis has been simulated in two different conditions: method one is the hip 
implant by itself; and method two considers the hip implant within the femur.  
The volumes imported into ANSYS were considered as stem, shoulder and head. The next 
step in the process after obtaining the hip implant models was to mesh the components. Suitable 
element types were selected for the volume mesh. The present analysis used 10-node tetrahedral 
3D solid 187 elements (Figure 5-14). This is the second complete-polynomial type of the 
isoperimetric tetrahedron family. This type of element has quadratic displacement behaviour and is 
suitable for modelling irregular volumetric geometries, and behaves significantly better than the 4-
node (linear) tetrahedron for stress calculations. Tetrahedral elements were used as this reduced 
the number of elements and nodes and consequently reduced computational and memory cost. 
The element is defined by ten nodes having three degrees of freedom at each node: translations in 
the nodal x, y, and z directions.  
The mid line nodes are not necessarily placed at the midpoints of the sides and may deviate 
from those locations, subjected to positive Jacobian determinant constraints. The element also has 
plasticity, creep, swelling, stress stiffening, large deflection, and large strain capabilities. 
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In this study static and fatigue analyses are used and will be explained in this chapter. The 
systematic procedure for static analysis to solve the finite element model in ANSYS can be seen in 
Figure 5-15. 
A smaller geometry with the cavity surface inside was assigned as a target element and the 
stem geometry was considered as a contact element. In the model of the hip implant on its own it 
was assumed that the outer surface of the stem and the internal surface of the hip implant test 
holder was fully bonded to provide full constraint in all directions. 
  
 
 
 
 
 
 
 
 
For the second method, when the femur and hip prosthesis were modelled together, the hip 
outer surface was presented as a Contact 174 element and the inner femur surface as a Target 170 
element. The 3D Target 170 element generates a target surface which consists of several target 
segments paired with contact segments of the 3D Contact 174 element surface.  
5.1.7.2 Materials properties used in finite element modelling study  
Linear elastic material properties were employed. This study used a Young’s modulus of 110 
GPa and Poisson’s ratio of 0.34, corresponding to titanium alloy Ti6Al4V which is a common 
material for this type of implants. The density of the material was 4430 kg/m
3
 for the solid model. 
Density of the materials for solid and honeycomb cell geometries are listed in Table 5-4. There is a 
Structural 
Preferences 
Create 
Component 
Element 
Type 
Material 
Properties 
Meshing 
Define Contact 
pair 
Applying Boundary 
Condition 
Set Solution 
Controls 
Solve 
Model! 
Figure 5-15 Flow chart describing systematic procedures for static analysis using ANSYS. 
Figure 5-14 the tetrahedron (ten-node) element with curved faces and side nodes and 
mid nodes located at midpoints. 
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difference between the values of density reported for HGH, AGH and ADAH in Table 5-2 and Table 
5-4. This is because of the solid regions in hip implants which increase the eventual densities. 
 
Table 5-4 Density, mass, volume and surface area of solid and honeycomb geometry stem 
hip models. 
Hip model 
Density ρ 
(kg/m
3
) 
Mass(kg) Volume (m
3
) 
Surface 
area (m
2
) 
SSH 4430.00 0.156455 3.53172E-05 0.009390 
HGH 2288.83 0.080835 1.82431E-05 0.030999 
RHGH 2021.26 0.071385 1.61087E-05 0.028869 
AGH 2718.65 0.096015 2.16696E-05 0.037871 
RAGH 2375.19 0.083885 1.89320E-05 0.035391 
ADAH 3681.64 0.130025 2.93495E-05 0.043557 
 
The material properties for cortical, cancellous, hip prosthesis are summarised in Table 5-5 
(Knauss, 1981; Keaveny & Hayes, 1993).  
The density of cortical has been found to be reasonably-uniform throughout the bone. 
Therefore, the mechanical properties such as the Young’s Modulus, Poisson’s ratio and density of 
cortical bone are often fixed at a particular value and modelled as isotropic material. As for 
cancellous bone, the variation of density is quite large and hence it is always modelled as an 
anisotropic material (Kowalzyk, 2001). In this project, since there are no CT scan data available for 
the author to model the cancellous bone with density variation similar to that of the real femur, all 
materials are assumed to be linear elastic and isotropic, and the materials distribution was 
considered as homogeneous through the materials. This means that the materials follow Hooke’s 
law (linear elastic), independent of loading direction (isotropic) and the materials are the same 
throughout (i.e. homogeneous). 
 
Table 5-5 Material properties of materials used in the FE modelling. 
Material 
Cortical 
bone 
Cancellous 
bone 
Titanium 
alloy 
Structural 
steel 
Young’s modulus E (GPa) 17.0 1.5 110 200 
Poisson’s ratio ν 0.33 0.33 0.34 0.3 
Yield strength,𝛔𝐘  (MPa) 115.0 - 880 250 
Ultimate Tensile strength,𝛔𝐔𝐓𝐒  (MPa) 121.0 - 950 460 
 
Large volumes are divided into small elements which define the accuracy of the analysis 
results. Therefore volume mesh is very important and can be done in three basic steps. (a) Set the 
element attributes; which allows assigning previously added element types to the volumes in order 
to create the volume mesh. (b) Set mesh controls (optional); which enables the user to define a 
smart size level for free meshing from coarse to fine element size. (c) Mesh the model; which 
permits selections of a volume for free meshing according to the selected element attributes and 
the smart size level. 
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Contact surfaces of the femoral body and stem of the hip implant and also test specimen holder 
and stem of the hip were defined as a contact pair to create accurate results of interactions by 
articulations during analysis. 
The femur cortical bone was completely constrained at the inferior section, and the bone- 
prosthesis interface was assumed to be fully bonded. The load was applied at the surface of the 
proximal tip of the implant and is explained in the following boundary condition section.  
5.1.7.3 Boundary conditions 
The results show how the entire geometry reacts to the applied loads and constraints. Loads 
can be displacements, forces, pressures, velocities, thermal, gravity etc. Load steps define the load 
application at certain time intervals. The defined sub steps record the results at given time durations 
in static or dynamic analysis. 
Structural loads were applied in order to simulate Range Of Motion (ROM), and structural 
constraints to restrict the ROM. Static analysis in the present study needs to simulate loads only in 
the y direction for when the implant is tested by itself and in the z direction when the implant and 
femur is tested. The analysis produces results for stress, strain and displacement. The load was 
applied at the surface of the proximal head of the implant for both studies, in the y direction. The 
loading cases considered replicated hip motions due to sitting, walking and running, and were equal 
to 1000, 2300, and 3000 N, the latter of which approximated 4 times the body weight for a 75 kg 
person. 
The outer surfaces of the hip implant holder in the first study, and the femoral lower section in 
the second study were fixed for all DOF. After load was applied, the analysis type was selected 
based on the desired simulation characteristics. Static analysis was performed with large static 
displacements of nodes. All parts were fully bonded and so the models did not consider any 
possibility of subsidence of the hip prosthesis in either study. This is another simplification and 
assumption for the analyses. In actual THR surgery, micromotion of the hip prosthesis always 
occurs especially for the first few years after surgery. This problem is more significant in cementless 
THR. Figure 5-16 and Figure 5-17 show the boundary conditions for the hip implant FE modelling 
study.   
 
 
  148 
 
 
 
 
 
 
Figure 5-17 Boundary conditions in the Ti6lA4V hip prosthesis in a femur. Blue 
colour shows the fixed surfaces on the distal epiphysis and red colour shows 
the 2300N load apply to the proximal head of the implant. 
Figure 5-16 Boundary conditions in the Ti6lA4V hip prosthesis fixed in a 
structural steel specimen holder. Blue colour shows the fixed surfaces and red 
colour shows the 2300N load applied to the proximal head of the implant. 
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5.1.7.4  Mesh generation and convergence studies 
One of the important steps in FE modelling is a convergence study which is carried out to 
assess the effect of mesh size on selected outputs. Changing the mesh setting may affect the 
results of a stress analysis therefore the convergence study helps to ensure the accuracy of the 
results. The three-dimensional model was meshed from coarse to very fine element sizes using 10-
node tetrahedral elements in ANSYS Workbench 13 with a global mesh element maximum size of 
0.01m to a minimum size of 6×10
-4
 m in all cases. For different element sizes the simulation was re-
run and results were compared. Refining the mesh reduces the element size and increases the 
quantity to increase the accuracy of the results. Reduction in model complexity enables significant 
reductions in the computational cost of probabilistic analysis which involves running the model at 
several points in the parameter space. Therefore some sharp edges in the honeycomb cell 
geometry were eliminated from the design to improve model geometry and to ensure convergence. 
The convergence study was based on the Von Mises Stress values obtained for all geometries, 
as it is identified as failure criteria. From the convergence study, it was seen that the model with a 
maximum mesh size of 0.6 mm and minimum 150,000 elements provided satisfactory results; 
therefore that model was used for the computational study. The entire consisted number of 
elements and nodes for different models are listed in             
            Table 5-6Table 5-6 and Figure 5-18 . All the FEA results in this study were converged 
as mesh refinement proceeds for below 5%. Mesh refinement percentage was calculated using 
Equation  
                          𝑀𝑒𝑠ℎ 𝑟𝑒𝑓𝑖𝑛𝑒𝑚𝑒𝑛𝑡 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 =
𝑒1− 𝑒2
𝑒2
× 100                5-22 
where 𝑒1 and 𝑒2 are Von Mises stress for larger element size and smaller element size 
respectively. 
Figure 5-19 shows an example of the mesh quality of the hip implant in the two different 
simulation methods in this study. 
 
 
 
0
500
1000
1500
2000
2500
3000
3500
4000
4500
0 50 100 150 200 250 300 350
V
o
n
 M
is
e
s 
st
re
ss
 (
M
P
a)
 
Number of Elements (×1000) 
RHGH
HGH
RAGH
AGH
SSH
ADAH
Figure 5-18 Convergence study in respect of Von Mises stress for different hip 
implants.  
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            Table 5-6 Number of elements and nodes for different hip implant models. 
Models 
Number of 
Nodes 
Number of 
Elements 
Mesh refinement 
% 
SSH 84116 51187 0.22 
HGH 263331 144521 2.89 
AGH 283498 150737 3.43 
ADAH 478645 277100 0.8 
RHGH 391158 211347 0.88 
RAGH 549689 300784 4.37 
 
 
 
5.1.8 Fatigue analysis  
The finite element method was used to evaluate all of the stems in terms of the fatigue life 
safety factor. The fatigue life of the tailored designed hip implants was predicted using the fatigue 
analysis of ANSYS Workbench. The alternating stress versus number of cycle graphs (S-N curve of 
titanium alloy) were used to determine the stress range, minimum and maximum stresses, 
displacement and fatigue life of the hip implants. The S-N curves for Ti6Al4V used in the fatigue 
analysis were obtained from the literature and are shown in Figure 5-20 (Wang, et al., 2014; 
z x 
y 
Figure 5-19 Examples of the mesh quality in (a) SSH hip implant with femur and, (b) RAGH 
hip implant with specimen holder. 
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Erzincanli, 2006). A good implant design should satisfy a defined maximum or an infinite fatigue life. 
This can only be ensured by physical testing or a fatigue analysis.  
 
 
The fatigue lives of stems were calculated based on the Goodman mean-stress fatigue theory 
(Goodman, 1919). Mean and alternating stresses in the Goodman fatigue life theory are 
respectively defined as: 
                                         𝜎𝑚 =
𝜎𝑚𝑎𝑥+𝜎𝑚𝑖𝑛
2
                         5-23 
                                         𝜎𝑎 =
𝜎𝑚𝑎𝑥−𝜎𝑚𝑖𝑛
2
                           5-24 
where σmax and σmin are maximum and minimum stress range respectively. 
According to the modified Goodman theory the relation between mean and alternation stress is: 
                                            
𝜎𝑎
𝑆𝑒
+
𝜎𝑚
𝑆𝑢𝑡
=
1
𝑛
                            5-25 
where Se is the endurance limit and Sut is the tensile strength of the material, and n is the cycle 
strain hardening exponent. The fatigue factor of safety is then defined as (Budynas & Nisbett, 
2008): 
                                           𝑛𝑓 =
1
𝜎𝑎
𝑆𝑒
+
𝜎𝑚
𝑆𝑢𝑡
                              5-26 
In this study the fatigue safety factor using Goodman theory was calculated for an infinite 
fatigue life of 10
7
 cycles. Alternating and mean stresses were based on Von Mises stresses. The 
minimum safety factor for the hollow stem was compared for different hip implants. 
400
500
600
700
800
900
0.001 0.0012 0.0015 0.01 0.1 1
A
lt
e
rn
at
in
g 
st
re
ss
 (
M
P
a)
  
Cycles to failure (×107) 
Figure 5-20 S-N curves for Ti4Al6V adopted from (Wang, et al., 2014; Teoh, 
2000) 
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6. Fabrication and specification of different honeycomb 
geometries  
 
 
 
Summary 
 
This chapter provides details of the materials and fabrication methods used in the production 
and tensile testing of the different honeycomb designs. The data were compared with the 
mathematical modelling of honeycomb structures and used to validate analytical expressions 
derived for the Young’s modulus and Poisson’s ratio of the double arrow head honeycomb design.  
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6.1 Introduction 
Deformation mechanisms in conventional and re-entrant hexagonal honeycomb structures with 
common periodic micro structures are well understood but there is less knowledge of how the 
auxetic effect arises in double arrowhead honeycombs and the effect of different cell sizes. 
Important honeycomb properties that have been examined using the analytical methods include 
Young's modulus, and Poisson's ratio. 
In order to understand the auxetic effect in these structures, honeycombs were developed with 
different cell sizes and shapes.  
Details of the fabrication procedure, specifications of the specimen, shape, and testing 
procedure are provided along with the results and discussion.  
An experimental investigation has been undertaken to validate the numerical model developed 
in this study. Tensile tests were conducted on dumb bell shape specimens of the different 
structures.  
6.2 Honeycomb designs and manufacturing 
The geometrical parameters of the conventional and re-entrant hexagonal honeycombs and the 
double arrow-head honeycombs for manufacturing are given in Table 6-1 and Table 6-2, 
respectively. These specific geometries were used for comparative studies between normal 
honeycomb, re-entrant honeycomb, and double arrowhead geometries; to investigate the effect of 
cell size and shape. Symbols were assigned to each individual honeycomb geometry type for ease 
of identification, based on the intended Poisson’s ratio response, as shown in Table 6-1 and Table 
6-2. Cell dimensions were selected similar to the honeycomb geometries which have been used for 
the hip replacement mesh stems.   
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Table 6-1 Conventional and re-entrant hexagonal honeycomb cell geometries. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Honeycomb Symbol 
Schematic 
design 
l(mm) h(mm) θ t (mm) 
Hexagonal Small 
Vertical Cell 
HSV 
 
2 2 30˚ 0.8 
Hexagonal Large 
Vertical Cell 
HLV 4 4 30˚
 
1 
Re-entrant Hexagonal 
Small Vertical Cell 
Re-HSV 
 
2 4 -30˚ 0.8 
Re-entrant Hexagonal 
Large Vertical Cell 
Re-HLV 4 8 -30˚ 1 
Hexagonal Large 
Horizontal Cell 
HLH 
 
4 4 30˚ 1 
Re-entrant  Hexagonal 
Large Horizontal Cell 
Re-HLH 
 
4 8 -30˚ 1 
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Table 6-2 Double arrowhead honeycomb cell geometries. 
 
 
Young’s modulus and Poisson’s ratio were measured experimentally for comparison with 
model predictions. Details of the fabrication procedure, specifications of the specimen, specimen 
shape, and testing procedure are given as per following.  
A4-size 2mm thick expanded Falcon Foam Poly Vinyl Chloride PVC sheet (Technobots, UK) 
was cut using a World lasers LR1612 laser cutter (World lasers, USA) into dumb-bell shaped 
specimens, based on British Standard BS ISO 527-3:1996 for the determination of tensile 
properties of plastic films and sheets. The laser cutter was operated at 6 % power (full power = 40 
watts) at a speed of 14mm per second. This specific type of dumb-bell is recommended for flexible 
thermoplastic sheets. 
The shape of the specimen is important to prevent breakage or fracture within the gripping 
area. The narrower region of the gauge length ensures stress is concentrated in the gauge length to 
produce uniform stress field and deformation in the gauge length. This also avoids failure and 
deformation in the wider grip areas of the specimen.  
A typical dumb-bell shape can be seen in Figure 6-1 adopted from BS ISO 527-3:1996. 
 
 
Honeycomb Symbol Schematic design 
l 
(mm) 
m 
(mm) 
α β 
tl  & tm 
(mm) 
Double 
Arrow Head 
Small 30˚/60˚ 
DAHS 
 
4.047 2.337 30˚ 60˚ 0.8 
Double 
Arrow Head 
Large 8-30˚/60˚ 
DAHL (I) 8 4.6188 30˚ 60˚ 1 
Double 
Arrow Head 
Large 10-30˚/60˚ 
DAHL (II) 10 5.7735 30˚ 60˚ 1 
Double 
Arrow Head 
Large 8-20˚/70˚ 
DAHL (III) 8 2.9117 20˚ 70˚ 1 
Double 
Arrow Head 
Conventional 
DAHC 
 
8 2.9117 20˚ 110˚ 1 
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b1 is the width of the narrow parallel-sided mid-section (25.4 ± 0.1 mm), b2 the width at the 
ends (38 mm), n the thickness (≤1 mm), d0 the gauge length (50 ±0.5 mm), d the initial distance 
between grips (98 mm), d3 the overall length (152 mm), r1 the small radius (22 mm), and r2 the large 
radius (25.4 mm). 
Honeycomb designs were generated with cells oriented in the horizontal and vertical directions 
relative to the global Cartesian coordinates to investigate the effect of cell direction when 
specimens are under tension. 
The honeycomb designs were sketched using the SolidWorks 2013 package. The cell 
dimensions were as given in Table 6-1 and Table 6-2 subtracted from the main part (solid dumb-bell 
body). 16 mm from both ends were left untouched for clamping purposes. All designs were saved in 
(.DXF) format which is compatible with the laser cutter software. In preliminary work, the actual rib 
thicknesses of the produced specimens were thinner than the design values of 0.8 mm or 1 mm 
due to the limitations of the laser cutting machine and the beam width. Therefore an additional 0.2 
mm thickness was included in the SolidWorks design to overcome this issue. All 11 specimens are 
shown in Figure 6-2.  
 
Figure 6-1 Schematic dumb-bell shape and specifications. 
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Re-HSV Re-HLV Re-HLH HSV HLV HLH 
DAHC DAHL III DAHL I DHAL II DAHS 
Figure 6-2 Honeycomb specimens produced by laser cutting from 2mm thick PVC sheet. 
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6.2.1 Honeycomb cell geometry morphology 
A Canon 12.1 megapixel camera was used to capture the high resolution images with white 
background light to eliminate shadows. The distance between the camera lens and the specimen’s 
surface was 163mm. The camera was set on a level base and was set on timer mode to avoid any 
kinetic tremor. High quality images were captured and transferred to Image J 1.48 image analysis 
software (http://imagej.nih.gov/ij/). The software was calibrated by using a scale ruler included with 
each photograph. 150mm is equivalent to 3360 pixels which was the same for all samples. A 
schematic diagram of this method and one of the specimens is shown in Figure 6-3. 
 
 
 
 
6.2.2 Testing procedure 
Load-extension graphs were obtained in uniaxial tension using an Instron 3369 Universal 
testing machine fitted with a 50kN load cell for solid specimen tests and 100N load cell for 
honeycomb specimen tests. Tests were performed at a displacement rate of 1 mm/min with a fixed 
gauge length of 50 mm. The specimens were axially displaced to 2% strain (longitudinal strain) for 
at least 5 repeat tests and also stretched to failure for three tests as shown in Figure 6-4. 
The specimen was clamped vertically to the top grip and allowed to hang freely for better 
alignment and then clamped to the bottom grip.  
Figure 6-3 (Top) Schematic diagram for capturing the image of the test specimen. (Bottom) 
Image of the HLH specimen for measuring rib thicknesses, dimensions and angles, using 
Image J software 
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Vertical alignment of the specimen was important to avoid side loading or bending moments in 
the specimen. During mounting, care was taken to ensure the specimen did not sag between the 
grips and there was no compression load applied. 
The raw data file obtained from the Instron included: load and tensile extension values. 
Young’s modulus and Poisson‘s ratio were calculated at 2% strain. Young‘s modulus was 
calculated as the slope of the line in the elastic region, and Poisson’s ratio was determined from the 
slope of the transverse strain vs true strain data over the same strain range and similar to the 
method used and explained in section 3.3.1 for the Poisson’s ratio measurement of the foams using 
edges and markers. The material properties of Young’s modulus E = 559 ± 22 MPa and Poisson 
ratio = 0.35 ± 0.2 were measured for the uncut specimens. The test was repeated 10 times for each 
specimen type. 
Almost all the specimens tested to failure, failed in the narrow width parallel sided region. It was 
assumed that the specimen cross sectional area was rectangular and uniform over the gauge 
length (25mm × 2mm = 50 mm
2
) for calculating engineering stress-strain curves from the load- 
extension graphs. 
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6.2.3 Mechanical properties characterisation 
Videoextensometry measurements were carried out using a MESSPHYSIK ME46-NG video 
extensometer with dot matrix x-y strain mapping capability to measure local strains of the test 
specimens.  
Adhesive bright round head stones were used to create dot arrays on the specimen, with the 
arrays comprising of 2 rows in the narrow section of the specimen (Figure 6-5). 
Figure 6-4 (a) Tensile test set up and specimen, (b) load-elongation data, (c) stress-strain 
data, (d) transverse strain vs axial strain data for the solid sample. 
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The field-of-view x and y coordinates of each dot were recorded during the tensile test, with y 
corresponding to the axial (loading) direction and x the transverse direction. The dot array consisted 
of sequential groups of dots along the length and the lateral direction of the specimen, with each 
group arranged in a dashed box configuration, Figure 6-5. Adjacent dots in the upper and lower 
rows were used to give true transverse strain (𝜀𝑥), and the opposing dots in the left and right 
columns were used to give true axial strains (𝜀𝑦), Figure 6-5.  
 
6.3 Testing results 
6.3.1 Honeycomb topologies 
Rib thicknesses, lengths, and angles between ribs were recorded by capturing high quality 
images of the dumb-bell shape specimens. For each individual specimen over 40 different areas of 
each specimen were considered for measuring the dimensions. The average, measured 
dimensions with standard deviation (SD) are listed in Table 6-3 and Table 6-4. 
 
Table 6-3 Measured honeycomb and re-entrant honeycomb rib lengths, thicknesses, and 
angle. 
Specimens l (mm) h (mm) θ (˚) t(mm) 
HSV 2.13 ±0.08 2.13 ±0.08 29.77 ±0.63 0.67 ± 0.06 
HLV 4.14 ±0.08 4.14 ±0.08 30.23 ±0.37 0.81 ± 0.09 
HLH 4.06 ±0.15 4.06 ±0.15 30.06 ±0.50 0.80 ± 0.13 
Re-HSV 1.93 ±0.11 3.64 ±0.08 -31.13 ±0.79 0.71 ± 0.06 
Re-HLV 3.91 ±0.07 7.59 ±0.09 -30.63 ±0.45 0.95 ± 0.08 
Re-HLH 4.00 ±0.06 7.77 ±0.07 -30.66 ±0.60 0.87 ± 0.08 
 
Figure 6-5 Dumb-bell test sample with dot array for strain mapping; y corresponds 
to the axial (loading) direction, and group settings used for Poisson’s ratio 
determination. 
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Table 6-4 Measured double arrow head honeycomb rib lengths, thickness, and angles. 
Specimens l (mm) m (mm) α (˚) β (˚) tl  & tm(mm) 
DAHS 3.59 ±0.06 2.26 ±0.12 30.62 ±2.16 60.90 ±1.29 0.73 ±0.12 
DAHL (I) 7.55 ±0.11 4.27 ±0.09 30.21 ±1.13 60.98 ±0.75 0.75 ±0.13 
DAHL (II) 9.46 ±0.08 5.48 ±0.12 30.33 ±0.56 61.63 ±1.07 0.74 ±0.13 
DAHL (III) 7.57 ±0.08 2.83 ±0.11 19.62 ±0.55 71.60 ±1.23 0.74 ±0.13 
DAHC 7.62 ±0.09 3.13 ±0.07 19.91 ±0.56 109.12 ±0.71 0.79 ±0.13 
 
Each individual honeycomb geometry specimen was weighed and divided by solid volume of 
conventional dumb-bell shape specimen to calculate the density. 
                                               𝜌 =
𝑚
𝑉
                                                     6-1 
where, ρ is density (kg/m
3)
, m is specimen weight (gr) for each individual specimen, and v volume 
(mm
3
) of solid dumb-bell was measured 9712 mm
3
. 
Solid dumb-bell shape specimens weighed 5.38 gr and the density was calculated as 554.35 
kg/m
3
.  
 
Table 6-5 Volume, experimental weight, and density data for all different honeycomb 
geometry dumb-bell shape specimens. 
Sample Weight (gm) Density (kg/m3) 
HSV 2.63 ± 0.045 270.47 ± 4.64 
HLV 2.30 ± 0.056 236.55 ± 5.77 
HLH 2.21 ± 0.018 227.23 ± 1.89 
Re-HSV 2.92 ± 0.002 300.70 ± 0.20 
Re-HLV 2.39 ± 0.062 246.03 ± 6.43 
Re-HLH 2.47 ± 0.025 254.52 ± 2.61 
DAHS 4.41 ± 0.001 453.75 ± 0.09 
DAHL (I) 3.10 ± 0.031 319.39 ± 3.21 
DAHL (II) 2.74 ± 0.038 282.21 ± 3.89 
DAHL (III) 2.80 ± 0.051 288.76 ± 5.22 
DAHC 2.52 ± 0.003 259.00 ± 0.35 
 
6.3.2 Mechanical properties measurements 
Stress- strain curves were derived from load-extension data, in a manner identical to those 
described for the foam testing, in chapter 4. 
Figure 6-6 and Figure 6-7 show typical stress-strain curves for all 11 honeycombs designed and 
listed in Table 6-1 and Table 6-2. Similarly, Figure 6-8 shows the transverse strain vs axial strain 
data generated from the videoxtensometer. 
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Figure 6-6 Stress-strain curves for hexagonal honeycomb (HSV, HLV, HLH) and re-
entrant honeycomb (Re-HSV, Re-HLV, Re-HLH) geometries. 
Figure 6-7 Stress-strain curves for double arrowhead geometries (DAHS, DAHL (I), 
DAHL (II), DAHL (III), and DAHC. 
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6.3.3 Validation of model design parameters, model measured parameters, 
and experimental results 
Table 6-6 shows comparison of the experimental predictions with those from analytical models 
and actual data for the Poisson's ratio and Young's moduli for all the 11 honeycombs. The 
calculated uncertainties in the mechanical properties predicted from the analytical models are 
based on the uncertainties associated with the experimental measurements of the geometrical 
parameters in Table 6-3 and Table 6-4. 
Symbols were assigned to each individual model predictions and experimental for ease of 
identification, based on the intended parameters response for model design parameter (MDP), 
model measured parameters (MMP) and experimental (EXP). 
For the mathematical calculation of the Young’s modulus and Poisson’s ratio of different 
samples, the CAD model rib dimensions, Table 6-3 were considered, whereas the measured rib 
dimensions were used in the same mathematical equations for the prediction of model measured 
parameters. The experimental values for E and ν were derived from the stress-strain and transverse 
strain-axial strain data for each sample type as explained previously in chapter 4.  
 
 
 
 
 
 
Figure 6-8 Transverse strain vs axial strain data generated using the 
videoextensometer for honeycomb geometries: HSV, HLV, HLH, and DAHC 
presenting positive Poisson’s ratio; and Re-HSV, Re-HLV, Re-HLH, DAHS, DAHL 
(I), DAHL (II), and DAHL(III) presenting negative Poisson’s ratio. 
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Table 6-6 Model design parameter, model measured parameters, and experimental data of 
Young’s modulus and Poisson’s ratio for all 11 honeycombs. 
 
MDP MMP EXP 
 
E  MPa ν E  MPa ν E MPa ±STD ν ±STD 
HSV 82.77 1 41.12 0.99 30.27 ±0.80 0.99 ±0.1 
HLV 20.21 1 9.51 1.01 8.28 ±0.49 1.05 ±0.07 
HLH 20.21 1 9.85 1.00 7.64 ±0.10 1.03 ±0.1 
Re-HSV 82.77 -1 65.72 -0.97 39.69 ±1.4 -0.94 ±0.05 
Re-HLV 20.21 -1 13.16 -0.99 8.28 ±0.38 -0.75 ±0.03 
Re-HLH 20.21 -1 18.41 -0.98 17.46 ±2.9 -0.91 ±0.05 
DAHS 82.82 -1 78.60 -0.94 102.25 ±2.2 -0.77 ±0.04 
DAHL (I) 20.95 -1 11.62 -0.95 11.43 ±0.16 -0.47 ±0.05 
DAHL (II) 10.73 -1 5.66 -0.92 4.24 ±0.23 -0.51 ±0.06 
DAHL (III) 81.88 -1 41.83 -0.93 45.80 ±1.8 -0.34 ±0.03 
DAHC 62.73 1 26.89 0.96 34.29 ±0.97 0.95 ±0.1 
 
 
All the data (model design parameter, model measured parameters and experimental) confirm 
that the re-entrant honeycombs and double arrow head honeycomb are indeed auxetic and 
possess negative Poisson's ratios. 
The following, Figure 6-9 shows the average values of Young‘s modulus of experimental data 
in comparison with the MDP and MMP data. It can be seen clearly that the data are different, but 
the graphs are following the same form of curvature and increases and decreases similarly for the 
different types of samples tested. This could be due to the type of material used or the sample 
preparation process.  
In general, by having the larger cell unit the density would decrease and the structure is held by 
less amount of material and consequently the structure get weaker in comparison with the denser 
cell geometries samples. In other words, the discrepancies occur for the honeycombs having lowest 
aspect ratio ribs (i.e. shortest and fattest ribs) where rib flexure (which is assumed in the models) is 
unlikely to be the main mechanism for deformation – shearing of ribs is likely to be significant for 
low aspect ratio ribs. 
Figure 6-9 displays the samples from the highest Young’s modulus value to the lowest. The 
highest value of Young’s modulus was found in DAHS with 102 MPa. This type of cell geometry is 
the stiffest structure among all the 11 samples. In the second position, is DAHL (III) which is 
significantly lower (E ≈ 45 MPa) in comparison to DAHS, about 55%. From DAHL (III) to Re-HSV, 
HSV, DAHC, and Re-HLH Young’s modulus is gradually decreases by approximately 61%, 70%, 
66%, and 83% respectively. The amount of E is almost in a same range for DAHL (I), Re-HLV, HLV, 
HLH, and DAHL (II) and decreases insignificantly by 89%, 92%, 92%, 93%, and 96% respectively. 
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Figure 6-9 shows that the experimental data are mostly demonstrating the initial predicated E 
from MMP for HLV, HLH, Re-HLH, Re-HLV, DAHL (I), DAHL (II), DAHL (III), and DAHC, But it is 
different for HSV, Re-HSV, and DAHS.  
Table 6-6 and Figure 6-10 demonstrate Poisson’s ratio predictions for longitudinal strain versus 
lateral strain for all the 11 different specimens. 
Deformation mechanisms in normal honeycomb and re-entrant honeycomb structures with 
common periodic micro structures is well understood but there is limited knowledge of how the 
auxetic effect arises in double arrowhead auxetic structures and what the effect of different mesh 
cell sizes and directions be. Poisson’s ratios results for conventional structures such as HSV, HLV, 
HLH, and DAHC match well with the predicted amount of ν (+1) from the mathematical calculations. 
But for the negative PR honeycomb geometries, the re-entrant honeycomb design such as Re-
HSV, RE-HLH are about -0.9 which are 10% less than the predicted mathematical data of -1.  
Figure 6-11 shows the comparative PR data for different specimens. 
 
 
 
 
 
 
Figure 6-9 Young’s modulus for 11 different samples classified in order from 
the highest to lowest amount for (MDP) IN compare with, (MMP), and (EXP). 
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6.4 Poisson’s ratio results 
Experimental Poisson’s ratio amount for Re-HLV and DAHS also reduced by approximately 
25% less than the predicted PR. The most reduction for PR was measured for double arrow head 
honeycomb geometry designs and it was around 50 % less for DAHL (I) and DAHL (II), however the 
most significant reduction in terms of PR was measured for DAHL (III).     
 
 
 
The MDP models show reasonable agreement with the MMP and EXP data, showing good 
correlation with the Young's moduli whereas the concurrent models generally give improved 
agreement for the Poisson's ratios especially conventional honeycomb designs (HSV, HLV, HLH, 
and DAHC).  
However, whilst the MDP model and MMP Young's moduli generally agree within an 
acceptable error, in almost all the cases, the EXP and MMP data consistently underestimate the 
MDP Young's moduli for all different honeycomb geometries, except DAHS which is over estimated 
Figure 6-9. This could be due to the very small size double arrow head unit cells and the limitations 
of the laser cutting machine in cutting accurately the sharp corners with in the small geometries.  
The apparent discrepancy in the predicted and measured Young's moduli for the honeycombs 
geometries reported in this study is probably due to similar errors associated with the manufacturing 
process and measurement of the MDP and the experimental method of measuring the mechanical 
properties. 
In most of the cases, varying each of the geometrical material parameters in the analytical 
models by an amount equal to its MMP and EXP data has greater effect on the Young's moduli than 
on the Poisson's ratios. 
Figure 6-10 Poisson’s ratio for 11 different honeycomb geometry. 
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Hence, any inaccuracies in the geometrical material parameters used in the models would be 
more evident in the Young's moduli. However the Poisson's ratios are in very good agreement only 
for HSV, HLV, HLH, Re-HSV, Re-HLH, and DAHC. Conversely the actual reading for PR is much 
lower than the analytical or experimental values for all double arrow head geometries having 
negative Poisson’s ratio, Figure 6-11.  
 
 
 
 
For example, the experimental error associated with the converted honeycomb geometry for 
DAHS, DAHL (I), DAHL (II), and DAHL (III) leads to an uncertainty in the PR is equal to 23%, 53%, 
49%, and 66% respectively. 
Experimental errors in the measurement of the mechanical properties could happen through 
gradual slippage of the thin polymeric specimen at the grip points of the tensile testing machine 
and/or optically redacted measurements of the transverse strain due to the Poisson's effect of 
different honeycomb geometry.  
 
6.4.1 Discussion  
Data from the MMP results and EXP results are in good agreement, and demonstrate that the 
model measured parameters can be a good prediction method for investigating the effects of 
variation in honeycomb cell shapes, sizes, and thickness of the ribs on the mechanical properties of 
periodic regular honeycombs.  
Reducing the diagonal rib thickness, length and angle with respect to axial load leads to a 
marked change in the Young's moduli (E) of the honeycombs geometry. It has been noted that the 
honeycombs deform primarily by rib flexure when the diagonal and vertical ribs are of similar 
Figure 6-11 Show validation graphs of PR for experimental νyx , νxy and 
actual reading of  PR for 11 different honeycomb geometries. 
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thickness (Gibson & Ashby, 2001). In the analytical model (MDP) expressions (equations 2-1, 2-2, 
2-5, 2-6, 5-20 and 5-21) it can be observed that reducing the rib thickness leads to a reduction in 
the Young's moduli (Ex and Ey) of the honeycombs geometries. Therefore, increasing rib thickness 
leads to maximum Young's modulus for a given value of honeycomb structure density. Denser 
designs have ticker ribs and more compact structures, therefore less flexibility, Figure 6-12.  
 
 
 
 
The Poisson’s ratio differentiations between EXP, MMP and MDP data is in very good 
agreement for all models expect, Re-HSV and double arrow head geometries (DAHS, DAHL I, 
DAHL II, and DAHLIII). This can again be explained as an effect caused possibly by the sharp 
diagonal angles in ribs joining points and also the angles between diagonals ribs. 
Figure 6-13 shows the effect of honeycomb cell geometry angles in terms of their material 
properties. As its demonstrated, honeycomb cells with internal angles less than 90
°
 show more 
resistances to shape changing and hence contribute to the differences between predicted and 
actual Poisson’s ratio such as re-entrant honeycomb in comparison with those which demonstrate 
less resistance to shape changing (conventional honeycomb). This explanation equally applies to 
the double arrow head structures. For example, double arrow head geometries with θ < 90
°
 
demonstrate a reduction in actual PR measurement in comparison with the experimental and the 
mathematical data, whereas double arrow head with θ > 90
°
 behave similarly to conventional 
honeycombs with little difference between the actual and the experimental data with regards 
Poisson’s ratios, Figure 6-13. 
 
 
Figure 6-12 Density of different honeycomb geometry vs actual dumbbell 
shape weight (gr) with comparison predicted experimentally calculated 
weight. 
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Young’s moduli of these structures are also influenced by the cell sizes, diagonal rib 
thicknesses and internal angles. It can be seen in Figure 6-14 that double arrow head structures are 
demonstrating higher young’s moduli when EXP data are considered in comparison with MMP data. 
Additionally, 4 diagonal ribs are coming together at the joining points of cells in the double arrow 
head structures, whereas only 3 ribs bond at joining point of conventional and re-entrant 
honeycomb which also make the double arrow head structure less flexible in practise.   
 
 
 
 
 
 
 
Figure 6-13 Identifying the effect of angle sizes ( 90
°
 < θ < 90° ) with in different honeycomb 
geometries, (a) conventional honeycomb, (b) re-entrant honeycomb, (c) double arrow 
head with negative PR, and (d) double arrow head with positive PR. 
Figure 6-14 Shows comparison graphs for (MDP), (MMP) and (EXP) data for 
Young’s modulus (E) and Poisson’s ratio (ν) of all 11 different honeycombs. 
  171 
In other words for the honeycombs with lowest aspect ratio ribs (lowest values of h (l)/t) main 
discrepancy in E occurs for DAHS and Re-HSV (Table 6-3 and Table 6-4).  
Main discrepancy in ν occurs for double arrowhead structures, Figure 6-10 and in addition to rib 
aspect ratio issues there is also (m/t) aspect ratio issues involved. This is probably also related to 
the tight/dense structures of the double arrowhead structure having 4 ribs per junction. 
Where rib flexure (which is assumed in the models) is unlikely to be the main mechanism for 
deformation in low aspect ratio ribs, it’s likely to be due to other factors such as; shearing of ribs 
instead of (or in addition to) the flexure. 
The data for varying rib thickness may have implications for a number of applications. For 
example, in medical engineering it is important to maximise the material performance with respect 
to the weight and durability of the material. Hence optimised honeycomb structure indicate that 
significant reduction in relative density and, therefore, weight can be achieved due to reducing rib 
thickness, without adversely or significantly affecting the in-plane mechanical properties.  
The rib thickness variations and honeycomb geometry cell sizes may be relevant in 
understanding the behaviour of biomedical materials. For example, honeycomb theory provides a 
relatively simple approximation to model the mechanical properties of bone. It is known that people 
who suffer from osteoporosis undergo bone mass loss in trabecular bone through thinning and 
eventual resorption of the trabeculae (Gibson & Ashby, 1988).  
6.4.2 Conclusion 
Model measured parameters and model design parameters have been used to predict the 
effects of honeycomb shape, size, and density variations, through variations in rib length, internal 
angle, and thickness, on the Young's moduli and Poisson's ratios of conventional and re-entrant 
honeycombs. Good agreement is achieved between the Experimental (EXP) and (MMP) data. The 
mechanical properties are predicted to be dependent on the type of rib undergoing thickness, 
length, and internal angle variation: 
 Increasing the length of ribs whilst maintaining constant rib internal angles leads to a reduction 
in the magnitude of Ex in conventional honeycomb, re-entrant honeycomb, and double arrow 
head geometry. 
 νyx and νxy are independent of rib length variation. This is due to the fact that internal angles 
between ribs in unit cells are the only changing component that affect stretching, hinging or 
flexing of ribs in axial and lateral directions. 
 Reducing the internal angle between ribs (α) and increasing (β) whilst (α+β=90
°
) and 
maintaining constant rib (l) length leads to an increase in the magnitude of both Ex and Ey but 
no changes in the magnitude of νyx and νxy in double arrow head geometry.  
 Increasing the rib (l and m) length whilst maintaining constant rib thicknesses and internal rib 
angles α and β, leads to a decreases in the magnitude of both Ex and Ey in double arrow head 
geometry.  
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 Increasing the internal angle between ribs (β > 90
°
) in double arrow head geometry whilst 
maintaining constant (α) and ribs length (l and m) leads to a decreases in the magnitude of both 
Ex and Ey and switching the Poisson’s ratio from positive amount to negative. 
 The magnitude of both νyx and νxy would be matched and equal to 1 and -1 for double arrow 
head geometry with positive and negative Poisson’s ratio respectively, whilst (α+β=90
°
).  
E is initially more sensitive to rib thickness and length variation than internal ribs angles 
variation. This is due to the fact that flexure of the ribs is the dominant deformation mechanism for 
honeycombs having longer ribs length with similar or higher thickness than the shorter ribs. 
However, Poisson’s ratios of honeycombs cell geometries are irrelevant to the ribs lengths whilst 
the rib internal angles are maintained constant. Hence the model calculations indicate that the 
density and mechanical properties of honeycombs can be optimised for specific applications 
through design and control of honeycomb rib thicknesses. 
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7. Results and discussion of finite element analyses 
 
 
 
 
Summary 
 
This chapter describes results obtained from static and fatigue analysis during the present 
study. After completion of the static analysis in ANSYS Workbench, results were reviewed, from the 
General Postprocessor menu. Four significant types of results were recorded from static analysis of 
all 11 models including 6 models of hip implants with implant holder and 5 models of hip implants 
with femur. In this chapter, results are presented for each of the four categories namely: Von Mises 
Stress, Strain, Displacement, and fatigue safety factor.  
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7.1 Introduction 
All hip replacement modeled in chapter 5 were tested using FE analysis for compression 
loading and the results are reported and discussed in this chapter. 6 different implant models were 
simulated in general. Solid hip stem (SSH) as control for comparing with, honeycomb stems (HGH, 
AGH, ADAH, RHGH and RAGH). Two different simulation methods were performed for 
investigating the potential benefit of using honeycomb stem in reducing stress shielding.   
Similar implant models were used in both studies. Study one simulated the hip implant with 
implant holder under axial compressive loads of 1000N, 2300N and 3000N. The implants were also 
simulated for fatigue test to predict the maximum life of honeycomb geometry stem in comparison 
with conventional solid stem when loaded axially with the same range of loading used in the static 
study.  
In the second study the implants within the femur were simulated for axial compression loading 
of 2300N only. The effect of implant on cortical and cancellous bone was investigated in this study. 
Since we had no access to S-N cure for cancellous and cortical bone and given the computational 
limitations, the fatigue tests were not carried out in the second study.  
The results are compared and discussed at the end of this chapter. 
 
7.2 Implant with implant holder results 
The first set of results refer to forces applied to the femoral neck which are transmitted to the 
implant and eventually to the bones. Relationships between the applied force and maximum Von 
Mises equivalent stresses are illustrated in Figure 7-1, showing that the Von Mises stress in solid 
hip implant (SSH) is lowest in comparison to the other 5 honeycomb geometry stem hip implants 
and increases dramatically from SSH to RHGH by 878 % and then increases gradually between the 
honeycomb geometry stems from RHGH to ADAH, HGH, AGH, and RAGH by approximately 3.4%, 
27%, 27.5%, and 61.5% respectively. The results are similar for different applied forces of 1000N, 
2300N and 3000N.  These percentage were computed as % differences = (standard – honeycomb 
geometry) / honeycomb geometry × 100. 
In general, Figure 7-1 shows significant stress changing between solid stem and honeycomb 
stems.  
The static analysis with finite element method provides not only stress distribution but the 
stress-displacement response of the prostheses, as shown in Figure 7-2. In this figure it is possible 
to observe that for a given force, displacements increase dramatically from SSH to ADAH by 217% 
and from ADAH to HGH by approximately 173.5%. However, the amount of displacement increases 
gradually from HGH to RHGH, AGH, and RAGH by 17.5%, 26.5%, and 41% respectively. In the 
three load conditions, the maximum mobilized displacement is of the order of 73 to 617 × 10
-5
 m to 
a maximum applied force of 3000 N. 
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Figure 7-2 Relationship between different hip implants and Maximum stem 
displacement for three different applied forces of 1000N, 2300N, and 3000N. 
Figure 7-1 Relationship between different hip implants and Maximum Von   
Mises stress for three different applied forces of 1000N, 2300N, and 3000N. 
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An example of the Von Mises Equivalent Stress field distribution and displacement distribution 
along the cross-section of the hip stem for an applied load of 2300 N is illustrated in Figure 7-3 and 
Figure 7-4 respectively. By analysing all the three load conditions, stems with honeycomb geometry 
showed total deformations progressively occurring from neck to proximal region of prostheses 
whereas the amount of displacement is very small with SSH implant. When evaluating the stresses, 
a stress field concentration is observed at the contact point of the middle region and the specimen 
holder interface for all the specimens except ADAH implant which is at the border between middle 
region and proximal region of the implant, Figure 7-3 d. Stresses are distributed over a larger area 
throughout prostheses in RHGH, RAGH, AGH and HGH respectively, Figure 7-3 (e, f, c, b). Two 
points of higher stress were observed when the implants were totally solid, Figure 7-3 a, which are 
located at the neck and at the transition to the specimen holder.  
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Figure 7-3 Example of numerical results in terms of Von Mises Equivalent Stress (Pa) for (a) SSH, (b) HGH, (c) AGH, (d) ADAH, (e) RHGH, 
(f) RAGH, for applied load of 2300N. 
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Figure 7-4 Example of numerical results in terms of Maximum stem displacement (Pa) for (a) SSH, (b) HGH, (c) AGH, (d) ADAH, (e) RHGH, (f) 
RAGH, for applied load of 2300N. 
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The maximum Von Mises strain distributions at 3 different loading conditions are shown for all 
six hip stems in Figure 7-5. The maximum strain ratio calculated for 3000N load applied to the hip 
implant for HGH/SSH, is 8.66; for RHGH/SSH, is 7.22; for AGH/SSH, is 8.70; for ADAH/SSH, is 
8.30; and for RAGH/SSH, is 11.90. These results show that the honeycomb stems are far less stiff 
than the standard metallic hip stems. The stiffness within the honeycomb geometry stems varied 
and reduced from RHGH to ADAH, HGH, AGH, and RAGH by 14.9%, 19.9%, 20.5%, and 64.8% 
respectively. This order is similarly continued for 2300N and 1000N load. 
7.2.1 General finding 
 
This study compared a novel and new honeycomb geometry based hip stems with standard 
solid hip implant and has attempted to predict their mechanical performance using finite element 
model. The hip prostheses were mechanically assessed for displacement, stiffness, strain, and 
stress. Findings reveal that the honeycomb geometry stems are mechanically less stiff compared to 
solid stems, thereby yielding much higher stresses and strains for the same applied loads. This was 
expected because honeycomb geometry provides a porous geometry and uses less material for 
making the stem with much lower elastic modulus (E = 16.4 GPa) than the solid stem materials (E = 
110 GPa). Moreover, because they were made from different cell geometries, the stems Poisson’s 
ratio properties differed from -1 to +1 and hence reacted differently. RAGH hip prosthesis has the 
lowest stiffness between all honeycomb geometry stems and the highest displacement and stress 
field. ADAH hip prosthesis showed greater stiffness and much lower Von Mises stress than the 
other honeycomb geometry stems (AGH, RAGH) with negative Poisson’s ratio properties. It also 
has much lower displacement than all the honeycomb geometry stems. This is the first finite 
Figure 7-5 Maximum equivalent elastic strains (Von Mises) in μm/mm units 
of six different hip prosthesis under 3kN, 2.3kN, and 1 kN load. 
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element modelling which has evaluated the stress, strain characteristics of this particular 
honeycomb geometrical stem for use as hip stem in comparison to standard hip stems. 
7.2.2 Honeycomb geometry stem prosthesis versus standard hip implants 
Computer modelling strains, Figure 7-5 shows that the honeycomb geometrical implant was 
between 8.30 to 11.90 times less mechanically stiff than the solid stem hip implant. Hip implant with 
higher stiffness may potentially create a stiffer implant femur system that provides better 
mechanical stability in the immediate postoperative scenario, though it may also lead to femur 
stress shielding, bone loss, and eventual implant loosening (Sumner, et al., 1998). Conversely, 
lower implant stiffness can result in increased load transfer to the host femur, thereby encouraging 
bone in-growth to the implant, minimizing surrounding bone loss due to resorption, and improving 
long-term mechanical stability (Sumner, et al., 1998; Van Rietbergen, et al., 1993). 
Careful inspections of the FE models reveal that the same basic pattern for all stems exists. 
The lowest stress regions are under the femoral head (proximal tip), along the thickest part of the 
main body of the stem (proximal region), and inside the implant holder (distal third). The highest 
stress regions (absolute peaks) are in the middle region for all specimens and only in the neck 
region for the solid stem. The missing absolute peak in the neck region for the honeycomb 
geometry implants is likely to be due to the presence of the fully solid neck section, which provides 
additional support and, thereby, minimizes the stresses around the neck as compared to the porous 
stem with honeycomb geometry structure. Regarding the material from which the hip stems were 
made in previous studies, the ultimate strengths from previously published reports are 650–
1050MPa for titanium alloys (Wang, et al., 2014). Much lower peak stress values for the solid stem 
and about 4 times higher peak stress values were observed for the honeycomb geometry stems.  
This study indicates that solid hip stems were mechanically loaded to levels far below what the 
material could withstand prior to failure in static loading, but honeycomb geometry stems reached 
the failure point in static loading. Due to this failure, the design needs to be reconsidered to 
increase final elastic modulus of the honeycomb geometry by including the solid shaft in the centre 
of the stem surrounded by honeycomb geometry and/or redesigning the honeycomb geometry for 
cell unit sizes. 
7.2.3 Validation of strains - prior studies 
No other studies to date have examined the mechanical characteristics of the current negative 
Poisson’s ratio based honeycomb geometry structures for use as hip implant material and/or 
compared it to positive Poisson’s ratio honeycomb geometry and solid hip stems. However, in order 
to reduce surface strains and stress shielding in my work, it is intuitive to review attempts made by 
other researchers who have experimentally shown that micro strains on the medial aspect is about 
756μm/mm for Muller-Curved measured by Waide et al. (Waide, et al., 2003) and 765μm/mm for 
Lubinus SPII hip prostheses cemented into synthetic femurs subjected to a load level of 2.47 times 
body weight. Akay and Aslan (Akay & Aslan, 1996) have also reported experimental peak micro 
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strains for hip implants cemented into synthetic femurs, compressed with a 3kN axial load. They 
obtained micro strains of 4000μm/mm (medial) and 2500μm/mm (lateral) for a carbon-PEEK based 
composite implant and about 1200μm/mm (medial) and 900μm/mm (lateral) for titanium alloy 
prosthesis. Bougherara et al. (Bougherara, et al., 2010) evaluated a revised hip stem made from 
titanium alloy (Ti6Al4V), and found that micro strains within 696 to 2966μm/mm (medial) and 677 to 
3077μm/mm (lateral) range. These are similar range of data to the mechanical test values achieved 
in this study for the hip stems experiencing 3kN, 2.3kN, and 1 kN. All strains data for different 
implants in this study are listed in Table 7-1.  
 
Table 7-1 Strain data for 6 different hip implants with an applied load of 3000N, 2300N, and 
1000N. Strain units for all data is μm/mm. 
 μm/mm SSH HGH RHGH AGH ADAH RAGH 
3
0
0
0
N
 Equivalent elastic strain 443 3841 3202 3861 3680 5280 
Max Principal Strain 118 3369 2108 1901 2178 3422 
Mid Principal Strain 94 1196 692 1253 374 1154 
2
3
0
0
N
 Equivalent elastic strain 340 2944 2455 2960 2822 4048 
Max Principal Strain 272 2583 1616 1457 1670 2624 
Mid Principal Strain 72 917 530 961 287 884 
1
0
0
0
N
 Equivalent elastic strain 148 1280 1067 1287 1227 1760 
Max Principal Strain 118 1123 702 634 726 1141 
Mid Principal Strain 31 399 231 418 125 384 
 
7.2.4 Clinical implications 
The honeycomb geometry stem implant may potentially replicate the performance of the 
natural femur better than standard solid hip stems. This prior study on a hip stem showed that these 
honeycomb structures can potentially reduce stress shielding by increasing the load transfer to the 
host femur in comparison to solid titanium alloy hip stems. This agrees with current data which 
showed that the honeycomb geometry implant absorbed less average stress than solid implants 
Figure 7-3. Consequently, more load would be expected to be transferred to a host femoral bone. 
This can ostensibly reduce bone resorption and subsequent implant loosening, thereby increasing 
the service life of the device. Despite its potential in minimizing stress shielding (Bougherara, et al., 
2007; Bureau, et al., 2008), the Composite stem’s low stiffness and, hence, high flexibility and micro 
motion may not provide enough mechanical stability to encourage adequate bone in-growth.  
  
7.2.5 Fatigue test results 
The maximum stress on the hip prosthesis is predicted by using FE modelling software. This 
data is then compared with the yield strength of titanium alloy and assessed whether the maximum 
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stress exceeds the yield strength of titanium. If this comparison is negative in value, the hip 
prosthesis is believed to be safe for use. Otherwise, the hip prosthesis has to be redesigned. 
The FE models were used in this study to predict the fatigue test results. However, this does 
not mean the FE model totally corresponds to reality. The specimen holder in contact with the 
medial aspect of the solid stem was subjected to an edge contact. It was shaped like a pointed slab, 
and when the stem was bent forward under load, the tip of the slab was compressed to extremely 
high strains. Since, honeycomb geometry stems are more flexible in compression as compared to 
solid stems; these produce less resistance to the bend, which relaxes the stress in tip of the stem. 
In the porous stem models like the honeycomb geometry stems, the effect of the specimen holder 
on the stem is much greater; because of the concentration of the applied loads is transferred to the 
most outer cells. Since the rib thickness at the outer most cells is likely to be the thinnest due to the 
stem shape, therefore the peak stress is greatest on these ribs Figure 7-6 .   
 
 
 
 
 
Solid stems normally fail at points of concentrated stress under tension, however when porous 
structures are considered, transfer of load under stress is transmitted to the cell ribs which are by 
the nature of their design are weaker and hence are more likely to fail at those points. Furthermore, 
the points at which the ribs meet are even weaker because of the sharp edges at these points. FE 
modelling also predicts these weak spots, however, the estimates are slightly over and above the 
Figure 7-6 Example of peak stress (Pa) area for honeycomb geometry stems at 2300N 
load. (A) the stress on the rib at the point in the middle of the rib’s lenght. (B)  peak stress 
at the meeting point of two ribs which are shaped the cell geometry edge with 60° angle in 
RHGH design.  
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actual stress values. In general, these overestimations have also been observed and reported by 
researcher working on similar studies.  
In manufacturing, it is not easy to make sharp edges at the meeting points of the ribs, as 
experienced and reported in chapter 6. This in itself is not a disadvantage, since curvature at these 
points in fact helps to reduce the overall stress in these regions. 
Goodman fatigue theory was chosen to calculate the fatigue life and the safety factor in this 
study. Although the Goodman theory is less conservative than some other theories, but it is more 
often used for fatigue analyses of hip implants. For example, Soderberg theory sometimes used for 
brittle materials tends to be more conservative than other theories. The fatigue data collected from 
honeycomb stems under compression did not meet the necessary requirement as shown in Figure 
7-7. In solid stems, maximum stress of up to 450 MPa with a safety factor of around 2 at 3000N 
load is considered to be safe. Whoever the results presented for honeycomb structures show 
values far above the acceptable limit for such prosthesis.  
The factor of safety is calculated by expressing the ratio of yield stress to maximum stress as 
shown in equation 7-1 (Young, 1989). 
 
                 𝐹𝑎𝑐𝑡𝑜𝑟 𝑜𝑓 𝑠𝑎𝑓𝑒𝑡𝑦, 𝑛 =
𝑌𝑖𝑒𝑙𝑑 𝑠𝑡𝑟𝑒𝑠𝑠,𝜎𝑦
𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑐𝑎𝑟𝑟𝑖𝑒𝑑 𝑠𝑡𝑟𝑒𝑠𝑠,𝜎
                         7-1 
 
The failure to achieve solid stem-like prosthesis in fatigue could be very much associated to the 
rib structure and hence the sharp edges referred to earlier in this chapter. To overcome these 
issues further investigations into the development of the design along with exact location of the 
maximum stress needs to be carried out. However this has been beyond the remit of this research 
project. 
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7.2.6 Modelling imitations 
In this study only static axial compression modelling was carried out, using FE analysis. 
However, once the hip devices are implanted in the body they are potentially exposed to axial 
dynamic forces during daily activities and might very well exceed the 3 kN load used in this study 
(Bergmann, et al., 1993; Duda, et al., 1998). The muscular forces and micromotion between hip 
implant interface and the femoral bone were not considered in this study due to computational 
limitations. However, both are important and should be considered in any future studies to more 
accurately simulate the clinical situation. Other modes such as torsion and lateral bending were also 
not examined. The intention of this study was only to provide an initial and direct comparison of the 
stems under axial static conditions. It is expected that the relative performance reported in this 
study for honeycomb geometry stem versus normal solid hip prostheses would be similar to the in 
vivo scenario that exert axial dynamic and axial cyclic forces during normal daily activities. 
Furthermore, for simplification of the FE modelling the honeycomb geometry stem was assumed to 
have linear isotropic properties. Nonlinearity and anisotropy can also influence bulk mechanical 
behaviour of composite materials (Campbell, et al., 2008). When Comparing the FE analysis results 
with the results of other researchers (Huiskes, et al., 1992; Sumner, et al., 1998; Sarmiento & 
Gruen, 1985; Glassman, et al., 2001), the assumed linear behaviour in our model showed good 
correlation with the honeycomb stem prosthesis undergoing axial compression.  
Since this study was a preliminary assessment and the focus of the work was to assess the 
stress, strain, and stiffness of the devices themselves, rather than the effect of bone support, or 
clinical insertion setups, future studies should include such considerations. The FE model was 
successful in predicting proximal strain values for the honeycomb geometry stems. However FE 
models in general have difficulty in simulating displacement of elements that are adjacent to rigidly 
constrained bodies, such as the distal locations on the hip stems. Bonded contact was chosen for 
the FE model, rather than considering micromotion. This was done because bonded contact 
simulates the ongrowth of bone onto the hip stems. Some of the researchers have previously 
investigated the effect of micromotion at the prosthesis bone interface for composite and titanium 
prostheses (Bougherara, et al., 2007). This micromotion can be varying from very low pick gap for 
composite prostheses (generally ranged between 0 and 20μm, with a peak micromotion of 70μm) to 
very high peak gap for titanium (0 and 50μm with a negative micromotions peak gap distance of 
128μm). These are well below the limit shown by in vivo studies of 150μm in micromotions for which 
dense fibrous tissues are generated at the prosthesis bone interface. To be consistent with the FE 
modelling and to show the best case scenario, the, bonding contact was assumed for all the hip 
implants. 
Different materials and structures used in hip prosthesis can results in different sliding distance 
over the entire proximal prosthesis and bone interface.  
This study focused on evaluating the performance of the hip stems themselves without 
considering surrounding tissues or objects. As such, it was not intended to compare FE or 
experimental results from bone-stem constructs with that of intact femurs. Such work would indeed 
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be beneficial as a future step, as it would provide a more clinically-relevant scenarios. Before that 
could be done, however, an understanding of the mechanical behaviour of the stems themselves is 
warranted, which is what this study has provided.  
7.3 Hip implant incorporating femur 
Similar to the modelling of hip implant with implant holder, FE model was developed to 
investigate the stress, strain transfer from hip implant to the femur. FE outputs that are of concern 
are Von Mises stress and strain for applied load of 2300 N. This is because it is desired to observe 
how the femur is stressed after a hip prosthesis is implanted inside the femoral canal. The results 
will subsequently be compared to the stress along the solid stem hip SSH implanted into the femur 
and the honeycomb geometry stems. Ideally, it would be good to have similar stress distribution for 
the intact and the treated femur so that the femur would be able to function as normal as possible. 
This was tried by simulating hip prosthesis having similar young’s modulus to natural femoral bone.  
The treated femur always experiences lower stresses at the upper part of the femur than the 
intact femur under normal circumstance. The implantation of hip prosthesis causes the load transfer 
and stress state within the treated femur to be concentrated at the middle to lower region of the 
femur (Goetzen, et al., 2005). 
To investigate the effect of honeycomb stem structure on the performance of the implant, the 
solid stem hip implant (SHH) with deducted Young’s modulus of 16.25 GPa and positive Poisson’s 
ratio of 0.5 was compared with honeycomb stem (HGH) when the effect of honeycomb structure 
was eliminated. Besides, it is also important to analyse the stress on the hip prosthesis with 
honeycomb stem structure.  
Figure 7-8 the results of Von Mises stress on Implant. It can be seen that the SSH and SHH carried 
the lowest amount of stress in comparison to the honeycomb geometry stem implants. The stress 
value for the RAGH, ADAH, AGH, RHGH, and HGH are significantly higher than the solid designs 
equating to 138%, 97%, 87%, 80% and 68% respectively. HGH and RHGH implants honeycomb 
geometries with positive Poisson’s ratio carry less amount of stress in comparison with other 
auxetic honeycomb geometry stems RAGH, ADAH, and AGH.  
It was not clear whether these high stresses are due to the reduction of the elastic modulus of the 
final hip design or are due to the honeycomb cell units with sharp corners. 
To investigate this, solid honeycomb SHH with reduced elastic modulus equal to the honeycomb 
geometry were examined against the honeycomb geometry stem hip HGH. 
Initial observations showed that the honeycomb geometry cells with sharp edges have significant 
effect on increasing the stresses on the porous stem implant. This will be discussed further in next 
chapter. 
In Figure 7-8, maximum stress concentration in all implant designs is in the implant neck. 
However in honeycomb designs proximal head also experiences stress.  In RHGH and RAGH this 
stress is much more pronounced (colour distribution counter in these areas) as compared with HGH 
and AGH. This is purely dependent on the type of cell structure and its arrangement. 
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Figure 7-8 Anterior view of numerical results in terms of Von Mises stress (Pa) for (a) SSH, (b) HGH, (c) AGH, (d) ADAH, (e) RHGH, (f) RAGH, and 
(g) SHH for applied load of 2300N. 
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7.3.1 Stress distribution in the femur 
The maximum and minimum principal stresses in the cancellous and cortical bone, are 
presented in Figure 7-9 and Figure 7-10, and representing the tensile and compressive stress 
respectively.  
It can be seen that the maximum principal stress applied to the cancellous bone by prosthesis 
is about 10 MPa in SSH, 16 MPa in HGH, 25 MPa in RHGH, 19 MPa in AGH, 23 MPa in RADH, 
13MPa in ADAH and 11 MPa in SHH.  These amount is much higher in honeycomb geometry 
implants in compare with solid stem by approximately 167%, 133%, 71%, 63%, and 15% 
respectively for RHGH, RAGH, HGH, AGH, and ADAH. Whereas the estimation of stress applied to 
the cancellous bone for SHH was just about 10% higher than it was measured for SSH Figure 7-9. 
It has been reported that the tensile and compressive strengths of femoral cortical bone are 
133 MPa and193 MPa, respectively (Reilly & Burstein, 1975). Therefore, it is considered that the 
stress values presented in this work would not cause any permanent deformations or fractures 
within the femur and honeycomb stems are much better in compare with solid stems.  
Conversely, the stress was transferred to the femoral cortical bone was higher for solid SSH 
and stimulated honeycomb SHH implant. This can be explained by effect of honeycomb geometry 
on lateral bending within the stem region of the implant. The porous stem allowed better uniformly 
flexing therefore the load can be transferred along the stem length instead of concentrating in tip of 
the stem area in honeycomb geometry. Similarly the effect of tension was reverse for solid stems 
compering honeycomb geometry stems Figure 7-9. 
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Figure 7-9 Maximum principal stress of cancellous bone (CB), femur cortical 
bone, (FC) and implant-femur interface (ITF) for all 6 different designs including 
the control honeycomb implant at the compression load of 2300N. 
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Maximum principal stress for bone-implant interface is also shows better load transfer for 
honeycomb stems compare with solid stem. 
Figure 7-10 shows minimum principal stress (compressive stress) for different stems. The 
reading data was pretty much similar for the stress on cortical bone and bone-implant interface in all 
case and it was as low as 0.5 MPa for SSH to high for 2 MPa for HGH and RAGH. Interestingly the 
compressive stress was about 4 times higher for honeycomb stems in compare with solid stems. 
The only despatch was observed with ADAH which was 0.7 MPa a bit higher than the solid 
stem. In this figure the honeycomb stems have shown better results than the predicted control 
flexible solid stem (SHH). 
 
 
 
 
From the von Mises stress distribution in Figure 7-11, it was evident that higher stress values 
were present in RHGH, HGH, AGH, RAGH, and SHH when the properties of cortical bone were 
modelled and was equal to 135%, 114%, 97%, 91% and 21% respectively.  
The fully porous and functionally graded implants provided increased stress values laterally 
and medially when compared to the fully dense Solid Stem Hip implant (SSH), shown in Figure 
7-11.  
DAHA was an exception between the other honeycomb geometries with just 5% increases in 
Von Misses stress due to its geometry and density. 
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Figure 7-10 Minimum principal stress of cancellous bone (CB), femur cortical 
bone, (FC) and implant-femur interface (ITF) for all 6 different designs 
including the control honeycomb implant at the compression load of 2300N. 
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Figure 7-11 Anterior view of numerical results of bone – implant interface Von Mises stress (Pa) for (a) SSH, (b) HGH, (c) AGH, (d) ADAH, (e) 
RHGH, (f) RAGH, and (g) SHH for applied load of 2300N. 
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7.3.2 The Von Misses stress of femoral cortical bone 
Figure 7-12 shows the Von Mises stress on cortical bone, femoral cancellous bon and implant 
by itself for different stem designs. Von Mises stress on femoral cancellous bone measured by FE 
modelling is 55.5 MPa for (SSH), 37.2 MPa for (HGH), 40.7 MPa for (RHGH), 39.9 MPa for (AGH), 
40.7 MPa for (RAGH), 44.2 MPa for (ADAH) and 86.4 MPa for (SHH). This is shows less amount of 
stress applied to cancellous bone when femur treated with honeycomb geometry stems. However 
the von Mises stress prediction for SHH implant is twice the amount that was predicted for 
honeycomb stems. Similar to the principal stresses results, the honeycomb stems show higher 
stress transferring to cancellous bone. The amount of load carried by cancellous bone relative to 
the peak Von Mises stress of 14.6 MPa (SSH) was grew by 14%, 26%, 91%, 97%, 114%, and 
136% for ADAH, SHH, RAGH, AGH, HGH, and RHGH respectively. Conversely, the amount of load 
carried by cortical bone relative to the peak Von Mises stress of 55.5 MPa (SSH) was reduced by 
20%, 27%, 27%, 28%, and 33%, for ADAH, RAGH, RHGH, AGH, and HGH, respectively, but 
increased by 56% for SHH.  
Relative to the 257 MPa peak stress carried by the hip implant (SSH), the amount of load 
carried by the hip implant grew by 68% to 138% for honeycomb geometry stems and just 1% by 
SHH Figure 7-12.   
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Figure 7-12 Von Mises stress carried by cancellous bone (CB), femur cortical bone 
(FC), and hip implant (HI) when femur-implant was loaded at 2300N axially. 
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Comparing the stress distribution between the different treated femurs having undergone 
different cement-less THR, it can be seen that the Von Mises stresses in all modelled femur, treated 
with honeycomb geometry stems is almost similar to each other. FE cortical Von Mises stress maps 
of cortical bone for all models at 2300 N of axial load are provided in Figure 7-13. Significant 
difference is observed at proximal head of femur cortical. 
Femurs treated with honeycomb stems had a relatively more even stress distribution, and with 
a higher stress distribution at the top of the femoral head and a higher stress region around the 
femoral neck shows in Figure 7-13 with light blue, greenish colour. For the solid implant, the femur 
showed relatively uniform stress distribution, but with high stress region near the tip of the hip 
implant.    
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Figure 7-13 Anterior view of Von Mises stress (Pa) numerical results of femoral cortical bone for (a) SSH, (b) HGH, (c) 
AGH, (d) ADAH, (e) RHGH, (f) RAGH, and (g) SHH for applied load of 2300N. 
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7.3.3 Femoral head displacement  
Honeycomb geometry stems were compared with SSH, and showed increased flexibility in all 
three principal directions Figure 7-14. With the fully porous stems, increases of approximately 4% 
were observed in the medial- lateral and superior - inferior directions, and between 12% to 17% 
increase being observed anteriorly. The ADAH stem provided smaller increases of 2% and 6% in 
the medial and anterior directions respectively, with a 5% increase being observed inferiorly. From 
comparing the fully porous stems it was evident that the RAGH and RHGH stems provided the most 
flexibility.  
 
 
 
7.3.4 The Von Mises strain in the femoral bone 
Similar to the Von Mises stress, the Von Mises strain was considered for investigating the 
effect of honeycomb geometry stems on strain distribution on the femoral bone.  Figure 7-15 shows 
the cancellous bone when it was loaded at 2300N axially with different honeycomb geometry stem 
and comparing with solid stem SSH and solid honeycomb SHH. 
FE femoral Von Mises strain maps of cancellous bone for all models at 2300 N of axial load are 
shown in Figure 7-15. Significant difference is observed at proximal head of femur cancellous. 
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Figure 7-14 Values of the femoral head displacement for each femoral stem 
when 2300N load applied on Implant head. 
  194 
0
0.005
0.01
0.015
0.02
0.025
0.03
SSH HGH RHGH AGH RAGH ADAH SHH
(m
m
/m
m
) 
FC
CB
HI
Figure 7-15 Von Mises strain of femoral cortical bone (FC), cancellous bone 
(CB), and hip implant (HI). 
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Figure 7-16 Medial view of Von Mises strain numerical results of femoral cortical bone for (a) SSH, (b) HGH, (c) AGH, (d) ADAH, (e) RHGH, (f) 
RAGH, and (g) SHH for applied load of 2300N. 
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7.3.5 Discussion 
This work has used the finite element method to investigate the mechanical behaviour of the 
hip implants, where the compressive properties of Ti6Al4V cellular structure have been incorporated 
into 6 different designs of a femoral stem. Honeycomb stems (HGH, AGH, RHGH, RAGH, and 
ADAH) were compared with control solid stems, ((SSH) with assigned material properties of 
(Ti6Al4V; E=110 GPa and ν=0.33)) and control flexible stem, ((SHH) with assigned material 
properties of (E=16.25 GPa and ν=0.5)). The material properties assigned to the flexible 
honeycomb (SHH) was tried to be very similar to the honeycomb geometry stem (HGH). 
Based on the reviewed literature, this is the first pioneering study that has specifically 
investigated and compared load transfer to the negative passion’s ratio stem when implanted with 
different honeycomb geometry stems using a fully porous structure.  
It has been illustrated that the stress values were within the same order of magnitude for solid 
stems SSH and SHH 257 MPa and 260 MPa respectively when 2300N load was applied axially on 
hip prosthesis head. But, the stress values significantly increased to 432, 461, 480, 506, and 611 
MPa for HGH, RHGH, AGH, ADAH, and RAGH respectively when similar boundary conditions 
applied.  It was observed that stress value decreased from the proximal to distal region of the 
implant with honeycomb geometry stems. Additionally, in agreement with other authors it can be 
claimed that the stress shielding of femoral bone is reduced by introducing porosity into the design 
of a femoral stem (Harrysson, et al., 2008; Yan, et al., 2011). The results have shown that the 
honeycomb geometry stems are superior when compared to the fully dense stem in relation to 
improving stress shielding characteristics. However, upon examining the characteristics of the 
Ti6Al4V cellular structures used in this work, it was concluded that the fully porous stems would 
also increase the stress concentration within the implant itself. It has been shown that the porous 
structure can improve the stress distribution in the medial and lateral femoral bone when compared 
to the fully dense stem. Previous work has identified that axially grading the stiffness of a femoral 
stem from being stiffer proximally to more flexible distally can reduce the effects of stress shielding 
(Kuiper & Huiskes, 1997; Gong, et al., 2012). Considering this, a similar approach was taken in this 
work and increased stress values were observed in the proximal region for honeycomb geometry 
stems, Figure 7-13 and Figure 7-16. However, these results are based upon a modelling of whole 
region of the stem and bone assembly and it is not in different sections of the connected region 
between hip implant and proximal femur. Additionally, it is considered that modelling the cellular 
structures as continuum parts is not sufficient to investigate the true mechanical behaviour of the 
femoral stems as the cell geometry and stress concentration would vary and be affected by 
honeycomb geometry cell. In this instance, optimising the cell geometry on stem part are important 
to reduce the localised stress concentration  and can be suggested for future work to investigate the 
structural integrity and failure modes of honeycomb geometry stems models by eliminating these 
high concentration zones on stem. Other published work has identified that modelling cellular 
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structures geometry, can result in overestimating the stiffness and strength when compared to the 
fully dense stem (Harrysson, et al., 2008; Hazlehurst, et al., 2013). It was subsequently suggested 
that the structural variation should be implemented into finite element models (Campoli, et al., 
2013). Therefore, it is considered that modelling cellular structures and hence a fully porous or 
functionally graded femoral stem is a complex topic that requires further attention. Decreasing the 
stiffness of cementless femoral stems can increase the risk of bone–implant interface failure 
through increased micromotion (Huiskes, et al., 1992). In the main body of the FE analysis, the 
interface stress was not analysed in depth, as the bone–implant interface was assumed to be 
perfectly bonded (Huiskes, et al., 1992; Simoes & Marques, 2005; Khanoki & Pasini, 2013; 
Harrysson, et al., 2008).  
Stress shielding can lead to reduction in bone mineral density around the femoral stem, with 
this being prevalent in the proximal–medial femur.   
The region corresponding to the calcar and lesser trochanter of the femur, is often worst 
affected from stress shielding (Karachalios, et al., 2004). This work has investigated a novel 
honeycomb geometry femoral stem that can overcome this problem.  
From the results, it is evident that honeycomb geometry stems can improve the load transfer to 
the proximal–medial femur and hence increase the mechanical stimulus by stressing the bone 
without compromising its strength.  
Yet it is considered that a fully porous femoral stem with pore sizes suitable for bone ingrowth 
would be more desirable.   
However, from observing the von Mises stress and strain of solid stem, and honeycomb 
geometry stems having positive and negative Poisson’s ratio, it is evident that auxetic stems 
increase the stress in total hip replacement and reducing the strain conversely to the conventional 
honeycomb geometries Figure 7-17. This phenomenon makes auxetic stems superior in 
comparison to conventional honeycomb geometry stems.  
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In spite of the different surface structures used on the cementless hip stems to induce bone 
ingrowth and make a good fixation, such as Hydroxyapatite (HA) coating, porous coating and 
cellular mesh coating, bone ingrowth and bone-implant fixation are still questionable. The original 
load distribution, transfer and blood supply will never recover since the medullary space is replaced 
with hip stem. So the “ingrowth” of bone is less likely here and will be actually “ongrowth” to the 
stem surface. Therefore the designed hip stems in this work may not only enhance the load transfer 
and distribution to the femoral bone but also recover blood supply of proximal cortex, thus reducing 
long term bone resorption and stress shielding. These honeycomb geometry structures provide 
medullary revascularization ability as the cavity is filled by porous honeycomb cell geometries stem 
instead of solid stem which are encouraging real bone ingrowth inside and subsequently better 
fixation and blood supply. 
The results from a series of FE analyses in this work have provided some information for 
designing the honeycomb geometry hip stem. The solid stem over time develops stress shielding at 
the calcar and trochanter of the femur because they are not exposed to direct loading hence 
causing bone resorption Figure 7-18. Since the honeycomb stems have less material and lower 
rigidity they generate more stress during loading. It is possible that the stems with reduced rigidity 
make the stress in calcar, greater trochanter and lesser trochanter region more acceptable thus 
improving stress shielding effect.  
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Figure 7-18 Example of stress shielding effect in femur with solid hip implant 
(www.radiologyassistant.com, 2015). 
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The maximum stresses were predicted to occur in calcar and trochanter region as shown in 
Figure 7-13 for honeycomb stems. This analysis has ones again confirmed the advantages of using 
flexible stems for improving stress shielding problems Identified in Figure 7-18 where a solid implant 
is shown. The porous implant also reduces bone resorption in these regions due to the transfer of 
the load to the proximal region of the femur. The lateral cross-section through the treated femur 
shown in Figure 7-19 clearly demonstrate the reduction in the load transfer profile to the proximal 
head of the femur when it is treated by a solid implant Figure 7-19 (a) as compared to a flexible 
implant Figure 7-19 (b).  
This figure also shows how the stress concentration at the tip of the solid implant varies to that 
of the flexible implant. The flexible implant illustrates much reduced stress concentration at the tip 
region.  
This also helps to reduce cortical thickening in the tip region namely pedestal which is an 
undesirable issue when solid implants are used, Figure 7-18.  
To replicate intact femur (Figure 7-19 (c)) stress distribution and its performance 
characteristics, the honeycomb implant (Figure 7-19 (e)) as compared to the solid implant (Figure 
7-19 (d)) clearly shows the better distribution of load in the entire femur. Therefore, the honeycomb 
geometry stems are more suitable in this stress-critical region.  
For the purpose of gaining more medullary spaces while maintaining an acceptable strength of 
the stem, the honeycomb geometry cells thicknesses could be thinner proximally and thicker distally 
in RHGH and RAGH stem type.  
The prime reasons for designing honeycomb stems are to allow:  
1- Sufficient porosity within the implant to accommodate interaction between inside and 
outside of the stem so as to mimic the natural porosity of cancellous bone. 
2- Strong enough implant to with stand naturally applied loading conditions. 
3- Keep micromotions between stem and femoral bone as low as possible.  
The micromotions between stem-bone interfaces inhibit bone ingrowth when micromotions 
xceed 150 μm (Szmukler-Moncler, et al., 1998; Ramamurti, et al., 1997). Sarmiento et al., report 
(Sarmiento & Gruen, 1985; Niinimäki, et al., 1994) have shown higher failure rates for low stiffness 
stems, namely the “isoelastic stems”.  
However, it is almost impossible to address the three identified conditions simultaneously using 
conventional honeycomb structures. Based on the investigation carried out in this research, 
materials with negative Poisson’s ratio and hence converse properties to conventional materials is 
believe to be a good candidate to overcome these conflicting issues and result in better implants.    
The data obtained from the series of finite element analyses in the present study have provided 
useful information for designing the honeycomb geometry stem, and indicated that the porous 
structure with negative Poisson’s ratio influences the overall stress more than honeycomb geometry 
with positive Poisson’s ratio. If higher levels of safety factor are required, the thickness of the ribs in 
the honeycomb geometry cells and the contours of the ribs at the meeting points can be adjusted 
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accordingly. Although the honeycomb geometry stem in this study is still a concept and a theoretical 
simulation, the endeavour has been to design a stem that would be applicable in clinical settings. 
Stems with negative Poisson’s ratio structures are expected to fix more securely and perform better 
than existing cementless stems. However this means revision surgery may be more difficult using 
porous stems. To solve this potential problem, an adjustable deployable unit has been specifically 
designed and demonstrative prototypes have been produced. The full working mechanism and its 
operation are fully explained in a patent application and are not included in this thesis in the interest 
of confidentiality and the limitation within the scope of this study (Alderson, et al., 2011).  
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Figure 7-19 Schematic load distribution diagram for solid and honeycomb geometry stem 
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8. Conclusions and recommendations for future works 
8.1 Conclusions 
This PhD thesis has intended to investigate the potentials for biomedical applications of 
negative Poisson’s ratio (auxetic) materials. Three application areas including; hip protector, hip 
replacement, and intervertebral disc were identified. This overall conclusion will now summarise the 
results and the potentials of these devices.    
8.1.1 Hip protector devices 
The fabrication and mechanical testing of auxetic open-cell polymeric foams, using Lakes 
original thermo-mechanical route for the conversion of conventional starting foam, have been 
carried out for the application in hip protector devices. The converted foams have been confirmed to 
be auxetic, with an initial average directional Young's modulus approximately half that of the starting 
foam. However, the auxetic foams are shown to be more resilient under uniaxial compression and, 
therefore, display similar strain energy density, on average, to the starting foam under compression 
to 15% strain. Auxetic foams based on thermoplastic polymers were produced by a 
thermomechanical technique from conventional low density polymeric foams. Multi-stage fabrication 
method is used to achieve the triaxial compression for the foam specimens. Small and large sizes 
of auxetic foams exhibiting negative Poisson's ratio have been fabricated. Various features of the 
re-entrant foams and the coaxial foam have been produced with different mould shapes and 
techniques. The foam cell structure was transformed by compression, heating, cooling, and relaxing 
procedures into a re-entrant structure. The required times and temperatures were determined by 
Lake group (Lakes, 1987). In tension and compression, the transverse expansion and contraction 
due to the negative Poisson's ratio was observed. A check on the internal consistency of the data 
for each foam sample was made by establishing that the symmetric compliance matrix requirement. 
By contrast, in the case of a conventional foam, as compression force is applied in one direction, 
the cells compress in the same direction and expand in the orthogonal directions. It was observed 
that the cell structures become more compact as the permanent volumetric compression was 
increased. The foam cell structure is very complicated and they rotate under the shear stresses. 
Results of uniaxial compressive load-deformation tests revealed significant differences between 
auxetic and conventional foams, which are known to exhibit different regions of behaviour, an 
approximately linear behaviour for strain less than about 10%. A plateau region in which strain 
increases at constant or nearly constant stress and a densification region of the stress-strain curve 
in which its slope increases relatively with strain. Moreover, the tensile and compression stress-
strain curves of auxetic foam exhibited a much wider range of linear behaviour. The auxetic foams 
exhibited lower Young's modulus. Negative Poisson's ratio and Young's modulus decreases with 
increasing permanent volumetric compression.  
In the indentation of foam by a localised indenter pressure, foam with a negative Poisson's ratio 
is more difficult to indent. The reason for this is the local shear strain of the auxetic foam is much 
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less than that of conventional foam. The hexagonal cells with the positive cell angles are very easy 
to collapse whereas the re-entrant cells will constrict and the cell sizes become smaller. 
At same amount of strain and low strain rate, the energy loss of conventional foam is higher 
than that of auxetic foam having same density. However, at large strain and high strain rate, the 
hysteresis of auxetic foam exhibits a higher value.  
This contrasts with a significantly higher (more than a factor of 2) amount of work required to 
indent the auxetic foam to a depth of 10mm using a ball indenter (with corresponding higher 
maximum indenter load, and lower displacement for a given indenter load). The auxetic foam is, 
therefore, more indentation resistant than the starting foam, and has also been shown to absorb 
more indentation energy (again by more than a factor of 2) than the starting foam. Auxetic foam is, 
therefore, shown to be an excellent candidate material for use in energy absorbing components and 
impact protectors, such as hip protector devices. 
8.1.2 Intervertebral disc replacements 
Radially-gradient foams have been produced via heat treatment and non-uniform compression 
process, and characterised using video extensometry with dot-matrix strain mapping capability, x-
ray microtomography and scanning electron microscopy. Two radially-gradient ‘core-sheath’ foams 
have been produced and are reported for the first time, one displaying low Poisson’s ratio core and 
higher Poisson’s ratio sheath (both negative), and the other displaying high (positive) Poisson’s 
ratio core and low (negative) Poisson’s ratio sheath. Gradient Young’s modulus response has also 
been achieved in the radially-gradient foams. The Poisson’s ratio responses of the gradient foams 
have been shown to arise through porous structures, previously known to realise positive and 
negative Poisson’s ratios in open cell foams. 
Auxetic materials had previously been suggested as possible candidates for artificial spinal disc 
implants avoiding disc bulge under compression, thereby reducing back pain through mitigating 
against the disc impinging on nerves in the spinal column (Martz, 2005).  
The porous nature of an artificial disc implant based on a coaxial material similar to the Radial 
A foam allows fluid transfer for the transport of nutrients and metabolic products within the spinal 
system (Bao, et al., 1996), facilitated by a pumping action created by enhanced porosity variations 
in the auxetic sheath under mechanical loading (Alderson, et al., 2007). Placement of the device 
during surgery will be facilitated by lateral contraction of the auxetic sheath layer under the 
compressive insertion forces (Choi & Lakes, 1991), and subsequent fixation will be improved 
through tissue in-growth within the porous structure. Finally, the storage-release function of a 
porous auxetic material under mechanical loading (Alderson, et al., 2007) enables the controlled 
release from the sheath of therapeutic agents, including growth factors and anti-inflammatory 
agents, to promote healing. 
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8.1.3 Hip implant 
This work has numerically investigated the load transfer to the femur when implanted with solid 
stem and honeycomb geometry stems using reduced stiffness with different configurations. Within 
the discussed limitations of this study, conclusions have been made. It was found that incorporating 
the properties of stems with honeycomb structures into the design of traditional solid stems could 
reduce stress shielding in the femur, without compromising the strength of the bone. The fully 
porous stems with auxetic properties were the most favourable designs for reducing stress 
shielding. However, they may still not be clinically suitable. Therefore, the optimising stems are 
proposed for any future work, as these are still not satisfying the stress safety factor requirements. 
This investigation compared the mechanical behaviour of a novel honeycomb geometry based 
hip stem with solid hip implants. Their mechanical performance was assessed using finite element 
(FE) model, using stiffness, strain distribution, and stress distribution of hip implants. The study 
revealed that the honeycomb geometries hip implants were less mechanically stiff compared to the 
standard solid hip stem, suggesting that it might potentially be more optimal in minimizing bone 
stress shielding, bone loss, and implant loosening. This is the first report that has experimentally 
assessed the strain distribution of the negative Poisson’s ratio honeycomb geometry hip stem and 
compared it directly to standard positive Poisson’s ratio honeycomb geometry and also solid hip 
stems. 
Bone loss is identified as the major reason of stem loosening. Such mechanical failure will also 
cause pain on the patient (Jamison, 1989). Besides, high stress which is predicted distally leads to 
bone thickening at that region. Both bone loss and bone thickening happen due to the different 
stiffness of the implant compared to the intact femur that causes stiffness mismatch (Jamison, 
1989). The implant which is much stiffer than bone carries the majority of the load. Therefore, the 
load will be transferred down along the implant until the distal tip of the stem. Then, only that it will 
being highly transferred to the cortical bone Figure 7-18. Figure 7-19 shows that how are the load 
transferred in intact femur and femur with hip prosthesis implanted. 
When the load is transferred to the region that the honeycomb geometry stem is bonded with 
the cortical bone, the load sharing will occur. This is due to the shear stress developed between the 
contact surfaces. Hence, the prosthesis will carry less load since the cortical shares some portion of 
the load. The total of the reaction force must always be equal to the applied load. Right after the 
distal tip of the prosthesis, the load will be completely carried by the cortical since the prosthesis 
does not share the load anymore. Therefore, that corresponding region will experience higher load 
(Figure 7-19 (e)). Figure 7-19 shows diagrammatically how the applied force is carried by each 
component. 
It is always being assumed that the hip prosthesis and the bone are experiencing both axial 
and bending loads. From the (Figure 7-19 (a)), it shows that the shear stress is high when the load 
starts to be shared by the bone. Also, when it goes to the distal end of the prosthesis stem, the 
shear stress is also high. This is true for both axial and bending loads.  
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The force is directly proportional to the stiffness of the material. Therefore, the stiffer the 
implant, the more load carried by the implant. Hence, lesser load will be carried by the cortical. 
Therefore, it means that if the material used for hip prosthesis is very stiff, then the stress shielding 
effect will be more serious. This is one of the major reasons that researchers now go for composite 
hip prosthesis which has elastic modulus near or similar to the actual bone.  
As for stress distribution on hip prosthesis which is shown in Figure 7-19, the maximum stress 
on the implant is found to be at the neck region in solid stem and at the neck and shoulder region in 
honeycomb geometry stems. It is around 250 to 611MPa. This is reasonable since that area is a 
stress concentration area due to the geometry of the implants. The explanation is shown in Figure 
7-19. The stress at lateral aspect in honeycomb geometry stems found to be higher than medial, 
followed by ventral aspect. This means that the resultant force will act on the lateral aspect of the 
hip prosthesis more significantly. Hence, lateral aspect is identified as the most critical aspect.  
 
8.2 Recommendations for future works  
Biomedical engineering is an area that is becoming more important and popular all around the 
world. Evidently scientists and researchers are much effort in this exciting and growing area.  
The aim of this PhD project was to experimentally and computationally assess the performance 
of the auxetic materials in hip protector devices, total hip replacement, and spine discs. The project 
presented methodologies to develop novel coaxial foam, indentation test on conventional and 
auxetic foams, design and evaluation of implant performance in FE modelling when different 
honeycomb geometry stems are used. While designing the methodologies, limitations of current 
research have been identified and brought forth in each of the chapters. Some future works that are 
suggested for this study are included:  
 Carry out experimental impact testing studies on foams that have been developed in this 
study and to investigate energy absorption for possible application in protector devices. 
 Measure the materials properties of the coaxial foam in each individual region (auxetic, non 
auxetic) separately. 
 Carry out indentation testing on coaxial foams. 
 Carry out finite element analyses on coaxial foams to investigate and optimise auxetic and 
non auxetic regions in coaxial foam in terms of size and their Poisson’s ratio properties. 
 Extend the simulations developed in this project to include anisotropic materials.  
 Carry out the experimental analyses to validate the finite element modelling results.  
 Study the effects of honeycomb geometries hip prostheses with different geometrical 
designs especially on stress distributions.  
 Study the micromotions of the hip prostheses by applying friction contact in bone implant 
interfaces.  
 Study the effects of honeycomb geometry stem on the cementless type of hip prostheses to 
evaluate bone growth and bonding.  
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 Optimise the design used in this study to increase the fatigue safety factors.  
 Manufacture new honeycomb geometry hip prostheses with different geometries and 
materials and subject them to experimental testing.  
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Appendix A  
 
Appendix A.1 Load displacement for CSL, CCL, ASL and ACL with ball shape indenter. 
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Appendix A.2 Load displacement for CSL, CCL, ASL and ACL with cylindrical shape 
indenter. 
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Appendix A.3 Load displacement for CSL, CCL, ASL and ACL with diagonal shape 
indenter. 
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Appendix A.4 Load displacement for CSL, CCL, ASL and ACL with Flat shape indenter. 
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Appendix A.5 Load displacement for CSL, CCL, ASL and ACL with point shape indenter. 
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Appendix A.6 Load displacement for CSL, CCL, ASL and ACL with sharp point shape 
indenter. 
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Appendix B  
 
Appendix B.1 load-displacement curves for the ASL, ACL, CSL and CCL foams on one graph 
for loading in loading direction (z) on the same face, for 6 indenter shapes. 
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Appendix B.2 The density-maximum load analyses for all 6 indenters. 
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Appendix C  
 
Appendix C.1 The step by step design procedure for constructing the rounded hip stem. 
